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ABSTRACT 
This research presents analysis and design of a natural gas fuel cell based power system 
for the engineering building of Memorial University of Newfoundland (MUN). 
Introduction and literature review provide background on energy consumptions in 
buildings and modeling techniques of fuel cells. The main objective of this research is to 
develop a fuel cell based power system for MUN engineering building. In chapter three,  
energy consumption analysis for MUN engineering building is presented. Modeling of the 
building in BEopt (Building Energy Optimization) and HOT-2000 software is presented 
with a short description of MUN engineering building. These BEopt and HOT models 
show the actual energy consumption of the building. Then an improved model of this 
building is developed in BEopt software with a list of recommendations. This model 
shows less energy consumption than the actual building and also suggests a list of 
recommendations about how to reduce the energy consumption. The successful 
simulation of the improved model also shows the limitations of the existing design. A 440 
kW natural gas fuel cell based power system is proposed for the improved model in 
chapter three. A 440 kW natural gas fuel cell based power system is developed in 
Matlab/Simulink software with its Power System Blocksets (PSB) from chapter four to 
six. In chapter four, modeling of fuel cell system is presented in Matlab/Simulink 
software. Three models are developed and the best model is chosen for further research. 
In chapter five, the best chosen Simulink model from chapter four is connected to the 
power electronics part with the help of Matlab/Simulink blocks and Power System 
Blocksets (PSB). In chapter six, the fuel cell system with its power electronics part is 
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connected to the grid. A simple control mechanism is also developed to deliver the 
required power. Basically the required power indicates the power needed to meet the 
energy demand of MUN engineering building as indicated in the chapter three. Finally, 
this thesis ends with the successful modeling of natural gas fuel cell based power system 
for MUN engineering building.     
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CHAPTER 1 
Introduction 
1.1 Background     
Energy is very important for the technical, industrial, economic and social development 
of a nation [1]. The demand of energy is increasing from the middle of the last century 
mainly because of industrial development and population growth [2]. It is possible to 
reduce the demand if the classification and sectors of global energy consumption are 
investigated.  
The global total energy consumption (GTEC) indicates the economy and environment of 
a country. Figure 1.1 shows the broadly categorized GTEC [1].      
 
Figure 1.1: Classification of global total energy consumption (GTEC) [1] 
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From the classification, energy used by the end user is the most important category since 
it deals with the generation, distribution and conservation of the overall energy. These 
sectors have great significance to improve the economical status. According to 
International Energy Agency (IEA), the break-up structure of energy consumption for 
these sectors is given below [1].   
 
Figure 1.2: Sector wise energy consumption break-up [1]  
The consequent result of this high energy consumption points to a development of new 
and renewable energy sources in worldwide [2]. This situation also indicates the alarming 
limit for usage of conventional fossil fuel based energy sources [1]. 
The sun, the wind, water, the Earth’s heat, and plants are renewable energy sources that 
are continually replenished by nature. These fuels can be turned into usable forms of 
energy such as electricity, heat, chemicals or mechanical power. Moreover, hydrogen is 
used as a fuel and it produces water as the only emission. Now-a-days, hydrogen fuel 
cells produce electrical power for distributed energy systems and some vehicles. On the 
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other hand, the sun is a renewable energy source but it can’t provide energy all the time. 
Renewable energy is becoming popular since it can be stored in hydrogen form until it is 
required [3].  
Recently, it is determined that buildings use 40% of global energy [1] [4]. Some literature 
is reviewed below to investigate how buildings consume such high rate of energy. 
1.2 Energy Use in Buildings 
The building sector consumes the largest amount of energy [4]. The following figure 
shows the average energy break-up in buildings [1].  
 
Figure 1.3: Relative average break-up of end-energy usage in buildings [1] 
Residential and commercial buildings consume different amount of energy in different 
countries. The following table shows the percentage of buildings energy consumption.   
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Table 1.1: Percentage of buildings energy consumption [5] 
 
Since commercial building includes schools, universities, hospitals, restaurants etc., total 
energy consumption is very high for commercial buildings. Moreover, sometimes these 
commercial buildings need to be scaled for calculating energy consumption due to their 
large floor area. Since this research includes a scaled version of MUN engineering 
building, scaling factor is very important here.  
1.3 Scaling Factor 
Two important steps are necessary to calculate the energy consumption of a building. The 
first step is to estimate the total floor areas and the second step is to estimate energy use 
intensity [28]. In the first step, scaling factor is an important factor to calculate the total 
floor area. 
In this research, MUN engineering building is scaled to calculate actual energy 
consumption. Since this building has a large floor area, it is difficult to fit the whole area 
in one simulation. So this building is divided into some parts and simulations are done for 
each part. Then results of all parts are added to calculate the total energy consumption of 
this building. In this case, scaling factor is introduced to calculate the actual energy 
consumption from scaled to actual building. Details of this design and scaling factor can 
be found in the manuscript of the third chapter of this thesis.    
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1.4 Natural Gas Resources around NL 
In Newfoundland and Labrador (NL), there are many commercial buildings where energy 
consumption is too high because of the harsh environment. Moreover, winter is long and 
summer is short here in St. John's, NL. So some natural and renewable energy resources 
should be used to meet the high energy demand. If these resources are in and around NL, 
it will be easier and beneficial to use. The transportation cost, maintenance cost and 
energy cost will be reduced. Besides, system reliability will increase.  
Among different energy resources in NL, natural gas is very important and is of our 
interest.   
In Newfoundland and Labrador (NL), there exist abundance of oil, natural gas, 
hydroelectricity and wind resources. Moreover, there is a potential to supply energy from 
other sources such as uranium, biomass, hydrogen, wave and tidal [6]. 
 
Figure 1.4: Newfoundland and Labrador’s Energy Warehouse [6] 
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In NL, the amount of oil and gas resources in total is over eight billion barrels of oil and 
70 trillion cubic feet (tcf) of natural gas [6]. The discovered and undiscovered amount of 
oil and natural gas in NL can be observed in the following figure. 
 
Figure 1.5: Potential Opportunity for Petroleum Production, 2007-2060 [6] 
Since the energy demand is increasing, the value of natural gas is also increasing. The 
following figure shows the increasing value of natural gas.  
 
Figure 1.6: Natural Gas Price Forecast (Nominal $US) [6] 
It is observed that there is great resource of natural gas in NL. This natural gas can be 
used in fuel cells to produce electricity and power large buildings.  
1.5 Fuel Cell Systems 
Fuel cells are electrochemical devices which directly convert chemical energy in fuels 
into electrical energy. It produces power generation with high efficiency and causes low 
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environmental impact. According to the type of electrolyte used in the cells, the most 
common classification of fuel cell includes (a) polymer electrolyte fuel cell (PEFC), (b) 
alkaline fuel cell (AFC), (c) phosphoric acid fuel cell (PAFC), (d) molten carbonate fuel 
cell (MCFC) and (e) solid oxide fuel cell (SOFC) [7]. 
1.5.1 Phosphoric Acid Fuel Cell (PAFC) 
The first commercialized fuel cell technology was phosphoric acid fuel cell (PAFC). 
Most of the plants of PAFC are in the capacity range of 50 to 200 kW but large plants 
also have been built like 1 MW and 5 MW. The largest plant operated to date produced 
11 MW of grid quality ac power. Improvement of PAFCs for stationary, dispersed power 
plants and on-site cogeneration power plants is an important concern for U.S. In this case, 
the most important industrial participants are UTC Fuel Cells in the U.S. and Fuji Electric 
Corporation, Toshiba Corporation, and Mitsubishi Electric Corporation in Japan [7]. 
1.5.2 Working Principle of PAFC 
Phosphoric acid which is concentrated to 100 percent can be used as the electrolyte in 
PAFC fuel cell. It generally operates from 150 to 220 
0
C. Phosphoric acid is a poor ionic 
conductor at lower temperatures and so the poisoning of CO of the Pt (Platinum) electro-
catalyst in the anode becomes severe with use. But the relative stability of concentrated 
phosphoric acid is higher than other common acids. Consequently, the PAFC can operate 
at the high end of the acid temperature range i.e. from 100 to 220 
0
C. Moreover, it is 
possible to minimize the water vapor pressure by using concentrated acid (100 percent). 
For this reason, water management in the cell is not difficult. Silicon carbide is the most 
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commonly used matrix to retain the acid. The electro-catalyst in both the anode and 
cathode is Pt [7]. 
 
Figure 1.7: Principles of Operation of Phosphoric Acid Fuel Cell (Courtesy of UTC Fuel 
Cells) [7] 
Figure 1.7 shows the operating configuration of the phosphoric acid fuel cell. The 
electrochemical reactions occurring in PAFCs are given as below [7]. 
Anode Reaction: 
  eHH 222                                                                             (1) 
Cathode Reaction: OHeHO 22 22
2
1
                                                        (2) 
Overall Cell Reaction: OHHO 222
2
1
                                                                (3) 
1.5.3 Natural Gas Fuel Cells 
For the clean and efficient generation of electricity, natural gas fuel cells are very popular. 
The natural gas fuel cells have many benefits such as [8]:  
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a) Clean Electricity: It is known that fuel cells provide the cleanest method of producing 
electricity from fossil fuels. Usually a pure hydrogen and pure oxygen fuel cell produces 
only water, electricity and heat. But in practice fuel cells produce small amounts of sulfur 
compounds and very low levels of carbon dioxide. Besides, the produced carbon dioxide 
can be concentrated and readily recaptured, as opposed to being emitted into the 
atmosphere [8]. 
b) Distributed Generation: This type of fuel cells are in extremely compact sizes. 
Moreover, they allow placement wherever electricity is needed. This placement includes 
residential, commercial, industrial, and even transportation settings [8]. 
c) Dependability: There are completely enclosed units in fuel cells. They have no moving 
parts or complicated machinery. This indicates that fuel cell is a dependable source of 
electricity, capable of operating for thousands of hours. Moreover, they are very quiet and 
safe sources of electricity. They also don't have electricity surges. This means they can be 
used where a constant, dependable source of electricity is needed [8]. Fuel cell could be 
installed in or close the building and heat coming out of fuel cell can also be used for 
heating the building. 
d) Efficiency: Fuel cells are much more efficient than traditional generation of electricity 
using combustion, since they convert the energy stored within fossil fuels into electricity. 
This indicates that less fuel is required to produce the same amount of electricity [8].  
Since the traditional generation of electricity is a very polluting and inefficient process, 
the future of electricity generation is expected to change dramatically in the next ten to 
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twenty years with the new fuel cell technology. Moreover, research and development into 
fuel cell technology ensures that the technology is cost-effective for all varieties of 
electric generation requirements [8]. 
Based on the above discussion, it can be proposed that natural gas based fuel cell is very 
useful. So it can be used to power the engineering building of Memorial University of 
Newfoundland (MUN) which is a commercial/institutional building. This will be 
discussed later in the next chapters of this thesis.   
1.6 Thesis Organization 
By observing the significance of fuel cells, it can be said that fuel cells can be used to 
meet the energy demand of buildings. The use of Phosphoric Acid Fuel Cell (PAFC) for 
MUN engineering building is one of our research objectives. Research work is described 
through the four manuscripts from chapter 3 to 6.   
In chapter two, a literature review is given to support the background and  manuscripts. 
Since the main objectives of this thesis includes building energy consumption and fuel 
cell, some literatures are reviewed related to building energy consumption. These 
literatures will help to understand the modeling of MUN engineering building. After that, 
some literatures are reviewed based on PAFC modeling. These literatures will help to 
understand the modeling of natural gas fuel cell based power system. 
In chapter three, MUN engineering building energy consumption and models in BEopt 
(Building Energy Optimization) software and NRCan (Natural Resources Canada) HOT-
2000 software is presented. The BEopt and HOT-2000 models show almost actual energy 
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consumption of this building. The results of this BEopt and HOT-2000 models are 
validated with the provided data by MUN Facilities Management Department. Then the 
limitations of the existing design of the engineering building are figured out and a list of 
recommendations is provided. An improved model of the engineering building is 
proposed in BEopt software which shows less energy consumption. Improved MUN 
engineering building could be powered by a natural gas based fuel cell system. This 
chapter has been published and presented in the
 
22
nd
 IEEE Newfoundland Electrical and 
Computer Engineering Conference (NECEC), 2013, St. John's, Newfoundland and 
Labrador, Canada.   
In chapter four, three simulink models of a PAFC system are developed.  Here the steady 
state modeling of a PAFC system is developed in three ways. All of these models are 
simulated in Matlab/Simulink environment. The detailed of each model is described. The 
results of each model are compared and the best model is chosen. Moreover, the 
advantages of these models are also presented. This chapter has been published and 
presented in the 21
st
 IEEE Newfoundland Electrical and Computer Engineering 
Conference (NECEC), 2012, St. John's, Newfoundland and Labrador, Canada. 
In chapter five, the dynamics of a phosphoric acid fuel cell (PAFC) system and its 
associated power electronics part are described. The best chosen model of the PAFC 
system from chapter 4 is elaborated here with the power electronics part. This dynamic 
model is based on empirical equations. This model is simulated in Matlab/Simulink 
environment with its Power System Blockset (PSB). Basically, the dc power of the 
chosen PAFC system is converted into ac power through an inverter to observe the 
dynamics of the model. Simulation results are discussed at different stages of this model. 
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This chapter has been published and presented in the International Conference on Future 
Environment and Energy (ICFEE), Rome, Italy, February 2013. Moreover, this paper has 
also been published in the Journal of Clean Energy Technologies (JOCET), vol 1, no. 3, 
pp. 178-183, ISSN: 1793-821X, July 2013.  
In chapter six, the modeling and control of a grid connected PAFC system is developed. 
Basically, the output of the previous model i.e. ac power is supplied to the grid. A closed-
loop control mechanism of a 440kW fuel cell system including power electronics and grid 
side filters is described in this chapter. This model is also based on empirical equations 
and the simulation is done in Matlab/Simulink software with its Power System Blocksets 
(PSB). The advantages of this model are discussed here. A simple control mechanism to 
control the PWM inverter is developed. This chapter has been accepted for publication in 
the International Journal of Energy Science (IJES), Paper ID: IJES10380.  
In chapter seven, conclusions are discussed. The summary of works, research 
contributions and achievements are also presented in this chapter. Moreover, some 
recommendations are listed for future works. 
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CHAPTER 2 
Literature Review  
2.1 Energy Consumption in Canadian Buildings 
Since the objective of this thesis is to propose natural gas fuel cell based power system for 
MUN engineering building, it is necessary to know the energy consumption of Canadian 
buildings. At first, energy use in residential buildings is investigated and then energy use 
in commercial buildings is investigated. 
In [9], total energy consumption of Canada is 7000 Petajoules and about 20% of this total 
energy is used for residential buildings. They studied the effect of appliance efficiency 
and fuel substitution for space and domestic hot water heating in residential buildings of 
Canada. This study is done to identify the potential savings of energy consumption that 
can be improved through efficiency and fuel  substitution. Moreover, this study is based 
on simulation which is conducted on the Expanded STAR database. This consists of 
detailed descriptions of 937 houses from different regions  of  Canada. This study uses an 
hour-by-hour building energy simulation program. The following table shows the energy 
consumption of household appliances used in this study for simulation purpose.  
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Table 2.1: Appliance energy consumption values used in simulations [9] 
 
In results, this study shows that improving appliance efficiency reduces overall end-use 
energy consumption in the residential sector.  
In [10], correlations are studied between building characteristics and energy use. This 
paper studies these correlations based on the data of Toronto. These correlations are 
important to identify the largest contributing factors to energy intensity properly. This 
identification of contributing factors help to prioritize retrofit measures and new building 
code measures. The identification of more uniform and complete building characteristic 
and energy use data are also done in this study. This study uses the meta-analysis data set 
and the refined data set. The  meta-analysis data set is the combination of energy use data  
and basic building characteristics from three different data sources. The refined data set is 
composed of 40 buildings to address the data limitations of the meta-analysis data set. 
The following table shows the weather-normalized minimum, maximum and average 
total annual energy intensity, the associated  GHG emission intensity and the average 
energy source mix of each data set. 
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Table 2.2: Summary of building energy-use statistics [10] 
 
 The results of this study are normalized to the CWEC (Canadian Weather for  Energy  
Calculations) for the future work of researchers. This study also recommends procedures 
to improve the quantity and quality of MURB (Multi Unit Residential Buildings) energy-
use data and building characteristics to help researchers.   
In [11], the bottom-up CHREM (Canadian Hybrid Residential End-Use Energy and 
Greenhouse Gas Emissions Model) statistical method is used to estimate the national 
residential energy consumption. The climatic conditions and the house thermal envelope 
affect the space heating and space cooling end-use energy consumption. This model is 
done for AL i.e. space heating, space cooling, appliances, lighting and for DHW i.e. 
(domestic hot water) energy consumption of single-detached (SD) and double/row (DR) 
houses. Both AL and DHW energy consumption primarily consists of occupant 
behaviour, appliance ownership, demographic conditions, and occupancy rate. The results 
of this model are scaled as representative of the Canadian housing stock. The results are 
observed with respect to different regions of Canada such as Atlantic provinces consisting 
of Newfoundland and Labrador, Nova Scotia, Prince Edward Island, and New Brunswick 
(AT), Quebec (QC), Ontario (ON), Prairies consisting of provinces Manitoba, 
Saskatchewan, and Alberta (PR), British Columbia (BC) for Single-detached (SD) houses 
and Double/row (DR) houses.  
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Figure 2.1: Annual AL energy consumption estimates (GJ/year) obtained using the NN 
model – summarized by house type and region [11] 
 
Figure 2.2: DHW consumption estimates by house type and region, obtained using the 
NN model for annual energy consumption (GJ/year) [11] 
 
 
 
17 
 
The following table shows the total view in case of regional and national demand. 
Table 2.3: Regional and national AL and DHW annual energy consumption estimates by 
end-use and energy source for SD and DR house types [11] 
 
The annual total AL and DHW energy consumption is found to be 448.7PJ which is 
within 6% of a top-down model estimate. This is an acceptable level of agreement. 
Moreover, the CHREM investigates that there is larger energy consumption of AL than 
DHW energy consumption. This is opposite of the top-down model. The differentiation of 
the AL and DHW energy consumption is undertaken as a key strength of the CHREM 
bottom-up modeling methodology since it independently estimates each end-use. For this 
reason, the CHREM energy consumption estimates proposes a new relationship between 
the occupancy influenced AL and DHW end-uses. 
In [12], a methodology is developed to screen office buildings for their current level of 
energy consumption and potential for retrofit application. Climate, occupancy, heating 
and cooling systems, envelope properties and building geometry have a great influence on 
the selection of an optimal set of ERMs (Energy Retrofit Measures). This selection is 
accomplished by characterizing office building stock into a manageable set of archetypes 
and simulating building operations using energy simulation software. A model is 
developed here for estimating the energy consumption using regression analyses. This 
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model uses three categories of buildings of Vancouver, Edmonton and Ottawa. These 
categories are Building Type LV – Large (12 storey; 24,000 m2) with a brick 
Veneer/concrete block backup exterior wall, Building Type LC – Large (12 storey; 
24,000 m
2
) with an exterior Curtain wall, and Building Type S – Small (2 storey; 4200 
m
2
) with a brick Veneer/concrete block backup exterior wall. The results of this model 
can be observed in the following table. It shows the breakdown of energy consumption 
for those types of buildings in terms of percentage. 
Table 2.4: Energy consumption break-down for building types LV, LC and S built post-
1975 and current standards [12] 
 
So the developed methodology can simply retrofit the ranking of buildings; select and 
combine ERMs, and plan energy and GHG reduction activities. The model determines the 
expected payback periods and the overall rate of return on investment. 
In [13], a novel approach is studied to use renewable energy options for buildings. This 
will make the buildings more efficient, more cost effective, more environmentally benign, 
and more technologically attractive. This study includes four buildings. Different 
renewable energy options are studied for these buildings to replace the conventional ways 
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of supplying electricity, heat and cols. Moreover, environmental impacts and cost aspects 
of these renewable energy options are studied through four case studies. The first case 
study is a 4+1 bedroom detached house where there are five residents, located in 
Brampton, Ontario. The second case study is another detached house in Oshawa, Ontario 
having four bedrooms with five residents. The third case study is a central public library 
located in Brampton, Ontario. This is a two storey institutional building with a residential 
area. The fourth case study is a plastic injection company located in Mississauga, Ontario. 
The electricity consumption of the first case study is 5506 kWh for the entire year and 
13,303 kWh for the second case study. Moreover, the measured electricity consumption 
for this library is 765,765kWh (i.e., 765.8MWh) per annum. Since the fourth case study is 
an industrial building, the energy consumption pattern is totally different from previous 
cases. In this case, the measured consumption of electricity is 1320MWh for 12 months 
period. The following figures show the energy consumption of these four cases in 
different sectors. 
                                            
                             (a)                                                                                                (b) 
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(c) 
Figure 2.3: Electricity usage distributions for (a) the first case study, (b) the third case 
study and (c) the fourth case study [13] 
Since the second case study is also a residential building, it will follow almost similar 
electricity usage like the first case. The results of this study indicate that the hybrid 
systems are the best choice to reduce the CO2 emissions. On the other hand, the decision 
making is based on budget. So the solar water heaters are the first choice and the hybrid 
systems are the last choice in this case. Here prioritizing the choices based on technology 
does not depend on the pattern for all three types of building. It is because of the diverse 
energy consumption and types of buildings. The decision of choice of renewable 
technologies not only depends on the environmental protection, technology and cost but 
also depends on reliability, installation, maintenance and the easy use.   
Now some important discussions will be done based on the energy efficiency trends in 
Canada. In these recent trends (published in December 2011), data are available until year 
2009. The following figure shows the energy intensity per household and floor space. 
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Figure 2.4: Residential energy intensity per household and floor space, 1990–2009 [14] 
Since commercial/institutional sector is an important part of the main theme of this thesis, 
an elaborated study of commercial/institutional sector will be presented.  
The floor space of the entire commercial/institutional sector in Canada is equivalent to 
about 40% of the total residential floor space. This sector was responsible for 14% of the 
total energy use in Canada in the year 2009. The following figure shows the secondary 
energy use by sector in 2009 [14]. 
 
Figure 2.5: Secondary energy use by sector, 2009 [14]  
Energy is used for different purposes like space heating, cooling, lighting and water 
heating in the commercial/institutional sector. Moreover, energy is used for operating 
auxiliary equipment (such as computers) and motors. The following figure shows the 
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energy use by end use. This figure indicates that space heating contributes to the largest 
share of energy use, with about half of the total energy used [14].  
 
Figure 2.6: Commercial/institutional energy use by end-use, 2009 [14] 
The commercial/institutional sector includes 10 subsectors which are related to trade, 
finance, real estate, public administration, educational and commercial services. Among 
these activities, offices, retail trade and educational services are responsible for 70% of 
the total Canadian commercial/institutional floor space which is 709.5 million m
2
 
according to the year 2009 [14].  
 
Figure 2.7: Commercial/institutional floor space by activity type, 2009 [14] 
Total energy use in the commercial/institutional sector has been increased 37 percent 
from 867.0 PJ to 1,186.0 PJ during year 1990 to 2009. But natural gas and electricity are 
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the main energy sources of the commercial/institutional sector. These sources supply 87% 
of the total energy use. Here electricity is used for lighting, space cooling, auxiliary 
motors and equipment. And natural gas and the remaining fuels are used for space and 
water heating. The following figure shows the energy use by fuel type and floor space 
[14]. 
 
Figure 2.8: Commercial/institutional energy use by fuel type and floor space, 1990 and 
2009 [14] 
Moreover, energy use for space heating has been increased 26% between 1990 and 2009 
which can be seen in the following figure [14]. 
 
Figure 2.9: Commercial/institutional energy use by end-use, 1990 and 2009 [14] 
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In the commercial/institutional sector, energy intensity indicates the amount of energy use 
per unit of floor space (GJ/m
2
). Accommodation and food services shows the most 
energy-intensive behaviour among the commercial/institutional activities. The following 
figure explains this clearly [14].  
 
Figure 2.10: Commercial/institutional energy intensity by activity type, 1990 and 2009 
[14] 
In the commercial/institutional sector, the growth in energy use can be described by 
several indicators. These indicators include the number of employees, floor space and 
GDP. The following figure shows that the floor space has increased 39% in 1990 and the 
number of employees has increased 40% in this sector [14]. 
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Figure 2.11: Commercial/institutional energy indicators, 1990 and 2009 [14] 
Based on the above reviewed literatures, it is determined that the energy consumption in 
Canadian commercial buildings is high. So one of the main goals of this research is to 
reduce energy consumption of MUN engineering building which is a kind of commercial 
building.  
2.2 Fuel Cell Modeling 
Since the main objective of this thesis is to model natural gas fuel cell based power 
system for MUN engineering building, it is also important to know about fuel cell 
systems. Now some literatures will be reviewed based on PAFC (Phosphoric Acid Fuel 
Cell) modeling. 
In [15], a two dimensional steady state model is described for a phosphoric acid fuel cell 
(PAFC). Here the steady state model is developed to describe the relationship between the 
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performance of fuel cell and various design options. The open circuit potential of a PAFC 
is given by the following equation [15]. 
]ln[)(
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                                                          (1)
 
Where E represents open circuit potential, n represents number of electrons taking part in 
the reaction, F represents Faraday constant, T represents temperature, R represents gas 
constant and a represents effective area. Here the modeling requirements are temperature, 
operating pressure, humidity, electrical load and phosphoric acid management inside 
PAFC. Pdease2D software is used to numerically solve the model and Macsyma 
programming language is used to customize and interface.  
The proposed model is validated by (a) verification of the basic parameters through a 
micro setup known as unit cell in one-dimensional mode and (b) evaluation of the two-
dimensional model through an experimental setup of a PAFC stack with four cells. The 
following figure shows the one-dimensional model validation with unit cell data. 
 
Figure 2.12: One-dimensional model validation with unit cell data 
[15]
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Different plots are also observed to evaluate the two dimensional model. The advantage 
of the model is the determination of area of low oxygen concentration and the design of 
various components of PAFC stack. 
In [16], the performance of fuel cell system is optimized with a novel optimization tool in 
three steps. Firstly, a three-dimensional steady-state detailed model is built based on 
computational fluid dynamics (CFD) techniques and the simulated results from the CFD 
model are used for generating a database in a second step. This database contains the fuel 
and oxidant volumetric rates and utilizations and the corresponding cell voltages. Thirdly, 
linear regression is used to develop mathematical relationships between the input and 
output variables by using this database. Finally, by taking into account the constraints and 
limitations of the system, a multi-objective hierarchical Non-Linear Programming (NLP) 
problem is formulated and this approach is built upon two steps. The first step is to reduce 
consumption of the expensive fuel and the second step is to optimize the performance 
with respect to the oxidant volumetric rate. Now the following equations can be observed 
which are used to obtain the final cell voltage considering the losses [16]. 
concohmicactC VVVEV                    
)exp(]ln[
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AEV CC                                                               (2)
 
where A is the “Tafel constant”, I is the current density, I0 is the exchange current density, 
r is the area specific resistance, and m, nc are constants. The following figure can be 
observed to optimize the performance. 
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Figure 2.13: (a) Optimal values of fuel and oxidant inlet volumetric rates as a function of 
power demand, (b) optimal values of cell voltage as a function of current density, (c) 
optimal values of power demand as a function of current density and (d) optimal values of 
FC efficiency as a function of power demand [16] 
The advantage of this model is that it can reach the process of optimal decision making 
regarding the operation of the system. 
In [17], the impact of various parameters such as Tafel slope, diffusivity etc on the step 
response of the fuel cell is discussed. In case of large sized PAFC cathode, the effect of 
partial pressure variation in bulk gas is also analyzed here. Experimental verification for 
trend analysis based on the model output is done using a small unit cell setup. Two modes 
of operations are considered here to solve the unsteady state simulation. The following 
equation is used to express the unsteady state model [17]. 
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Where Dd represents the diffusivity in diffusion layer for oxygen-water, Pi represents the 
partial pressure of the ith species, λd represents porosity of diffusion layer and R, T are 
constants.
 
Pdease2D software is used for solving the unsteady state model which is generally used 
for solving steady state model. Different experimental and simulated results are plotted 
here to test the effect of variations in the model parameters on step response. The 
comparison of experimental step response with simulated data is observed in the 
following figure. 
 
Figure 2.14: Experimental step response with simulated data [17] 
The advantage of this model is that the effect of various parameters on the settling time of 
the cathode suggests for the development of a diagnostic tool employing such transient 
model. But the wettability of the electrode increases with the increase of age of a cell. The 
positive side of the effect is the increase of the active area of the electrode and the 
negative side is the decrease of the reaction layer diffusivity. 
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In [18], a three-dimensional model of a phosphoric acid fuel cell (PAFC) is described and 
this model is used to investigate the effects of process parameters on the fuel cell 
performance. In this case, empirical equations are used considering all irreversibilities as 
below [18].  
 concactohmicp VVVEV   
)exp(]ln[
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nim
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AirEVp                                                                    (3)
 
Where E represents the reversible open circuit voltage, ∆Vohmic represents ohmic losses, 
∆Vact represents activation losses, ∆Vconc represents concentration losses, i represents 
current density, r represents area-specific resistance, i0 represents exchange current 
density and A, m, n are constants. Other model equations are derived from these 
equations. Two basic cases are studied here. They are (a) constant current density (1250 
Am
-2
) and various inlet feed rates and (b) constant inlet feed rates and various current 
densities. From the following figure, the average cell voltage can be represented as a 
function of current density.  
 
Figure 2.15: Simulated and experimental data concerning the average cell voltage as a 
function of current density [18] 
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It can be seen that there is satisfactory accuracy between the numerical and the 
experimental results. The cell voltage can be determined at a given a constant current 
density with the developed model. The power and power density both can be predicted 
for a single cell and a stack of cells, as well as and the overall fuel cell efficiency. 
Moreover, the working point of a realistic fuel cell can be estimated with the numerical 
model.  
In [19], PAFC cathodes are characterized with a tool called electrochemical impedance 
spectroscopy (EIS). Here EIS analysis is done with the inducement of potential and 
measurement of the current response. The failure mechanisms in PAFC cathodes are 
analyzed and so information related to peak phase angle position is used. Determination 
of the position of the peak phase angle  at various overpotentials at different experimental 
conditions is explained with a simple mathematical model. Moreover, the study for the 
effect of various electrode parameters on a newly proposed diagnostic marker is included 
here. In this case, variation of the output, i.e., the phase lag of the total current when 
excited with a sinusoidal potential input is analyzed while the system is polarized with a 
steady overpotential for various parameters. For this analysis the equation of 
overpotential is given as follow [19]. 
)2sin()( ftAt dc    
where η represents local overpotential, ηdc represents steady dc polarization, f represents 
the frequency of the induced sinusoidal potential, t represents time and A is a constant. To 
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analyze the model and to validate the basic approach, a study of the agglomerate model is 
included here. From different plots, one simulated plot is given below. (useless could be 
deleted) 
 
Figure 2.16: Simulated phase angle plot for different agglomerate sizes [19] 
The advantage is the direct analysis of physical parameters like active catalyst area, 
diffusion resistance and so on. For PAFC cathode diagnostics, the position and relative 
value of the phase angle is used with respect to frequency as a diagnostic marker. 
Based on the above reviewed literatures, it can be said that Phosphoric Acid Fuel Cell is a 
very useful and commercialized popular fuel cell. So a natural gas based fuel cell can be 
used to model the power system for the MUN engineering building. This modeling will 
be described in the manuscripts of next chapters. 
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CHAPTER 3 
Modeling and Simulation of MUN Engineering Building in 
BEopt and HOT-2000 software 
3.1 MUN Engineering Building 
MUN Engineering building is a large commercial building. It is a four-storey building 
with a gross floor area of 25474.3 m
2
 [20]. It is facing at southeast direction. The 
following figure shows the top view of engineering building from the front side. 
 
Figure 3.1: Engineering building of MUN taken from Bing Maps 
According to the provided data by facilities management, this engineering building 
annually requires about 197.9412 kWh/m
2
 oil for heating and hot water purpose and 
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about 190.7 kWh/m
2
 electricity [20]. For this research, only the values of the year 2012 
are considered as inputs.   
3.2 Data Analysis 
3.2.1 Electricity Consumption and Cost Data Analysis 
The Facilities Management Department of Memorial University of Newfoundland 
(MUN) provided the energy summary data of S. J. Carew (Engineering) building. The 
following table shows the electricity consumption and cost data of this building for the 
year 2012. 
Table 3.1: Electricity consumption and cost data of engineering building [20] 
Month Electricity Consumption (kWh) Electricity Cost ($) 
January 439,560 44,010.84 
February 398,352 40,515.41 
March 402,930 41,285.40 
April 366,300 33,381.34 
May 393,773 36,414.60 
June 434,982 39,621.18 
July 407,509 40,919.94 
August 366,300 37,222.01 
September 402,930 40,604.67 
October 439,560 43,450.79 
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November 412,088 40,110.36 
December 393,773 39,969.11 
Total 4,858,059 477,505.65 
 
Table 3.1 indicates the electricity consumption and cost data.  
3.2.2 Heat Consumption and Cost Data Analysis 
The following table shows the heat consumption and cost data of the engineering building 
for the year 2012. 
Table 3.2: Heat consumption and cost data of engineering building [20] 
Month Heat Consumption (MMBTU) Heating Cost ($) 
January 2,389 74,272.01 
February 2,051 76,992.41 
March 1,939 76,431.28 
April 1,646 56,243.36 
May 1,318 51,980.16 
June 1,164 41,878.37 
July 774 38,001.31 
August 525 35,038.83 
September 391 17,794.51 
October 1,438 57,251.61 
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November 1,659 70,060.54 
December 1,915 63,990.67 
Total 17,210 659,935.06 
 
Table 3.2 indicates the heat consumption and cost data. Both table 3.1 and 3.2 are made 
from the provided data by Facilities Management Department which is attached in the 
appendix. It can be observed from both tables that the total amount of energy 
consumption is very high. One of the main objectives of this thesis is to reduce the energy 
consumption which will be explained in the following manuscript. 
3.3 Preface  
In the literature review of the previous chapter, it is already observed that energy 
consumption in Canadian commercial buildings is too high. Moreover, after analyzing the 
data of MUN engineering building, it is also clarified that this building also consumes a 
large amount of energy. So, the energy consumption of this building should be reduced. 
Now the following manuscript will indicate the details of energy consumption of MUN 
engineering building. This manuscript will also show the current energy consumption in 
BEopt and HOT-2000 software, and also recommend the best options in BEopt software 
to reduce this consumption. Since this manuscript only shows the results of HOT models, 
the simulation for a particular zone of MUN engineering building is shown in the 
appendix.  
This manuscript has already been published in the 22
nd
 IEEE Newfoundland Electrical 
and Computer Engineering Conference (NECEC), 2013, St. John's, Newfoundland and 
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Labrador, Canada. This paper has also been presented in the conference by the principal 
author Mahmuda Ahmed Tanni. The co-author Dr. Tariq Iqbal supervised the principal 
author Mahmuda to develop the models described in the paper and provided her 
necessary tools for clear concept. She wrote this paper, developed these models in BEopt 
and HOT-2000 and conducted simulation. Dr. Iqbal reviewed the manuscript, helped her 
with the simulations, corrected and checked all simulations and provided necessary 
suggestions for manuscript.      
This manuscript will end up with a recommendation of natural gas fuel cell based power 
system for MUN engineering building. This fuel cell based power system will be 
explained in details in the next chapter. Datasheet of this fuel cell is attached in the 
appendix from where calculations are done for the required energy of MUN engineering 
building.   
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1
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St. John's, Newfoundland, Canada 
Abstract- This paper presents modeling and energy analysis of the engineering 
building of Memorial University of Newfoundland. The first building model is 
developed in BEopt (Building Energy Optimization) software. This model shows 
expected yearly energy consumption of the building. The results are compared with 
the measured building energy consumption data provided by the MUN Facilities 
Management Department. The BEopt model is also validated using NRCan HOT-
2000 software. The results of both models are compared in the paper. This paper 
shows the best fitted model with the actual building data. Moreover, an improved 
building model is presented using BEopt software which shows less energy 
consumption than the actual measurement. Based on modeling and simulation 
results, this paper presents a list of recommendations to improve the existing 
building to reduce its yearly energy consumption. The selection of scaling factor is 
also explained in the paper to show how simulated data correlate with the measured 
data.     
   Index Terms-Energy Analysis, Zero Net Energy (ZNE) Building, BEopt Software, 
HOT-2000 software, Scaling Factor. 
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I. INTRODUCTION 
   The building which can produce as much energy as it uses annually, is called Zero Net 
Energy building (ZNE). A ZNE building uses a grid-tied, net-metered photovoltaic (PV) 
system and active solar for this purpose. Such building requires minimal energy-related 
costs [1].  
   This paper presents the energy analysis of MUN engineering building and its energy 
related costs. Engineering building is like a big commercial building. It is a four-storey 
building with a gross floor area of 25474.3 m
2
 [2].  
   This building is facing southeast. According to the provided data by the MUN facilities 
management, the engineering building annually requires about 197.9412 kWh/m
2
 oil for 
heating and hot water purpose and about 190.7 kWh/m
2
 electricity [10]. Only the values 
of the year 2012 are considered as inputs for this paper.   
   The following figure shows a top view of engineering building from the front side. 
 
Figure 1. Engineering building of MUN 
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In this paper, models of engineering building are presented in BEOPT software (Building 
Energy Optimization) and HOT-2000 software. Basically the actual model of the 
engineering building in BEopt will indicate the actual energy consumption of the 
engineering building. The same building is also modeled in HOT-2000 software to 
validate the BEopt model. Moreover, this paper proposes an improved model of the 
building which shows lower energy consumption. In this way, this paper indicates the 
limitations of the existing design and how to improve them. Besides, a list of 
recommendations is suggested to improve the existing design. The selection of scaling 
factors is also explained to know how the simulated data correlate with the measured 
building data.  
   In this paper, section 2 describes the BEopt model of engineering building, section 3 
describes the HOT-2000 model of the engineering building, section 4 shows the proposed 
improved model of the engineering building in BEopt software, and section 5 concludes 
the paper. 
ІІ. BEOPT MODEL               
   In BEopt software (http://beopt.nrel.gov/), there are 3 types of inputs which are 
geometry screen, options screen and site screen. The inputs of this model are explained in 
the following three sections. 
A. Geometry Screen 
   This screen allows to draw the engineering building. Figure 2 and 3 show the design 
from front and backside. It is possible to observe the building in a three dimensional 
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structure from any side in BEopt software. Since BEopt can't design beyond third level, 
the height of the fourth level is added with the third level. First and second level heights 
are considered as 13 feet in this simulation. But the third level is considered as 20 feet 
instead of 26 (13*2) feet because of the limitation of the software. Moreover, BEopt can't 
design such a large commercial building. So each cell is considered here as 5 feet (scale 
down). The simulated building looks as shown in figure 2 and 3 with the above 
mentioned assumptions in BEopt software. 
 
Figure 2. Engineering Building from the front side in BEopt 
 
Figure 3. Engineering Building from the back side in BEopt 
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B. Options Screen  
   The options screen allows us to choose the specifications of the building. This screen 
looks as below. 
 
 
 
 
 
Figure 4. Options Screen in BEopt for engineering building 
   The options screen consists of 13 options. Each option has some sections. It is 
important to select the correct option for correct simulation results. If an accurate option 
is not found, the closest option is selected. Each option is explained below with its 
sections in a tabular form. Table 1 shows the building option screen. 
TABLE 1: BUILDING OPTION SCREEN 
Name of the Option  Selected Option 
Orientation Azimuth - Southeast 315
0
  
Neighbors None 
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   The top side (arrow) of the geometry screen indicates the north. But the engineering 
building faces southeast. In this way, the orientation is calculated from the north side. For 
the second option, it is assumed that there are no neighbors. 
TABLE 2: OPERATION OPTION SCREEN 
Name of the Option  Selected Option 
Heating Set Point 71 F 
Cooling Set Point 75 F 
Humidity Set Point 45% RH 
Miscellaneous Electric Loads Gas/Electric-24148kWh/yr, 
All electric-25769kWh/yr 
Miscellaneous Gas Loads 0 
Miscellaneous Hot Water Loads 0 
Natural Ventilation None 
Interior Shading None 
  
  Table 2 shows the operation option screen. Miscellaneous electric loads are calculated 
with the following two equations. 
FFABRyrkWhElectricGas  426.02481595)/(/  
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FFABRyrkWhElectricAll  454.02661703)/(_     
   where BR indicates the number of bedrooms and FFA indicates the finished floor area. 
For these calculations, BR is considered as 76 and FFA is considered as 8681 square feet. 
If BR is considered more than 76, the calculated value will exceed the highest given 
value. And the FFA can be observed from the geometry screen. It is calculated by the 
software with respect to the drawing space. 
TABLE 3: WALLS OPTION SCREEN 
Name of the Option  Selected Option 
Wood Stud None 
Double Wood Stud None 
CMU 12-in Hollow 
SIP None 
ICF None 
Other None 
Wall Sheathing None 
Exterior Finish Brick, 
Medium/Dark 
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   Table 3 indicates walls option screen. The options are selected by observing the 
materials used in the building. 
TABLE 4: CEILINGS/ROOFS OPTION SCREEN 
Name of the Option  Selected Option 
Finished Roof R-47.5 SIPs 
Roof Material Asphalt Shingles, Dark 
 
   Table 4 indicates ceilings or roofs option screen. The finished roof option is selected by 
observing the R-value as 49.8. Since roof R-value value is typically 49 for regions like St. 
John's according to IECC (International Energy Conservation Code), the closest of this 
value is chosen. And the roof material is selected as Asphalt Shingles (Dark) by 
observation of the building. 
TABLE 5: FOUNDATION/FLOORS OPTION SCREEN 
Name of the Option  Selected Option 
Slab 4 feet R10 Perimeter, 
R5 Gap 
Carpet 0% Carpet 
 
46 
 
   Table 5 above indicates the foundation or floors option screen. The slab is selected 
according to the IECC. 
TABLE 6: THERMAL MASS OPTION SCREEN 
Name of the Option  Selected Option 
Floor Mass 2 inch Gypsum Concrete 
Exterior Wall Mass Concrete 
Partition Wall Mass Concrete 
Ceiling Mass None 
 
   Table 6 above indicates thermal mass option screen. The floor mass is selected from the 
given options by observation. Since no option is accurate for exterior wall mass and 
partition wall mass, new values are entered for concrete. The ceiling mass option is 
selected as none. 
TABLE 7: WINDOWS AND DOORS OPTION SCREEN 
Name of the Option  Selected Option 
Window Areas 15% F20 B40 L20 R20 
Windows Double-Pane, Medium-
Gain Low E, Metal Frame, 
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Air Fill  
Eaves None 
Overhangs None 
 
   Table 7 above indicates windows and doors option screen. The window area is selected 
as a percentage of exterior wall area. The window type is selected by observation of 
windows used in the building. 
TABLE 8: AIRFLOW OPTION SCREEN 
Name of the Option  Selected Option 
Air Leakage Constant 0.1 ACH 
Mechanical Ventilation Supply 
 
   Table 8 indicates airflow option screen. Air leakage is calculated from the following 
equation. 
leakageair
volumeBuilding
cfmBuilding
_60
_
_
  
   Building cfm of this design can be chosen either 55.9 or 111.8 from mechanical 
ventilation option. In this way, air leakage for 55.9 cfm is 0.03 and for 111.8 is 0.06. So 
the air leakage option is chosen the closest one i.e. 0.1 ACH. But the mechanical 
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ventilation is chosen as supply. Moreover, the actual building mechanical ventilation is 
neither ERV (Energy Recovery Ventilation) nor HRV (Heat Recovery Ventilation) type. 
TABLE 9: MAJOR APPLIANCES OPTION SCREEN 
Name of the Option  Selected Option 
Refrigerator None 
Cooking Range None 
Dishwasher None 
Clothes Washer None 
Clothes Dryer None 
 
   Table 9 above indicates major appliances option screen. The refrigerator is selected as 
none, since there is only one freezer in one kitchen of the building. And the energy 
consumption of this refrigerator is too low to choose.  
TABLE 10: LIGHTING OPTION SCREEN 
Name of the Option  Selected Option 
Lighting 100% Fluorescent, Hardwired 
& Plugin  
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   Table 10 above indicates lighting option screen. Since there are only fluorescent bulbs 
in this building, this option is selected as 100% fluorescent. 
TABLE 11: SPACE CONDITIONING OPTION SCREEN 
Name of the Option  Selected Option 
Central Air Conditioner None 
Furnace None 
Boiler Oil, Hot Water, Forced Draft, 
85% AFUE 
Electric Baseboard None 
Air Source Heat Pump None 
Ground Source Heat 
Pump 
None 
Ducts None 
Ceiling Fan None 
Dehumidifier None 
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   Table 11 above indicates space conditioning option screen. Since the heating and hot 
water systems of this building are operated by boiler, this option is chosen. The efficiency 
of the boiler is given as 85% by the MUN facilities management department.  
TABLE 12: WATER HEATING OPTION SCREEN 
Name of the Option  Selected Option 
Water Heater Oil standard 
Distribution None 
Solar Water Heating None 
SWH Azimuth Southeast (-45
0
) 
SWH Tilt 0 degrees 
 
   Table 12 above indicates water heating option screen. Since the water heater is oil 
operated, this option is chosen as oil standard. The SWH (Solar Water Heating) is 
selected as none and the SWH azimuth is chosen by calculation (building 
azimuth+90
0
=315+90=Southeast-45
0
) among given options. Since there is no solar water 
heater in this building, an option of 0
0
 degree is chosen among given options. 
TABLE 13: POWER GENERATION OPTION SCREEN 
Name of the Option  Selected Option 
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PV System None 
PV Azimuth Southeast 
PV Tilt 0 degrees 
 
   Table 13 above indicates water heating option screen. The PV azimuth and tilt options 
are selected like the table 12 options. Since there is neither a solar water heater nor a PV 
system in this building, the selected azimuth and tilt options have no impact on the model. 
C. Site Screen 
   The last input site screen allows to choose the site i.e. location of the building. The 
following figure shows the site screen. 
 
 
 
 
 
 
Figure 5. Site Screen in BEOPT for electricity option 
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Figure 5 above shows that the building is located in St. John's city of Newfoundland, 
Canada. In this way, BEOPT downloads the weather data of St. John's. Since the 
economics and mortgage options are not related to this model, these options are 
considered as zero except two options. For those two options, values greater than zero are 
required to run, so 1 is entered for each option. In electricity option, only user specified 
$/kWh (477505.65/4858059 = 0.0983) is entered. This value is calculated from provided 
data of electricity consumption in kWh and total cost of electricity in dollar ($) for the 
year 2012. 
   Since no natural gas and propane are used for engineering building, the user specified 
options are kept as zero. So their window figures are not shown.  
   Figure 6 indicates the oil option for this building. It is calculated using the methods 
described above. Total cost of oil is divided by the amount of oil consumption in gallons 
(659935.06$/ (17210/0.141)gal = 5.4068$/gal).  
 
 
 
 
 
 
Figure 6. Site Screen in BEOPT for oil option 
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   After running this model in BEOpt, some results are obtained. This model is run with a 
reference building which is called B10 benchmark. Actually B10 benchmark is a 
reference case for ideal residential buildings according to IECC. The following figure 
shows the output screen. 
 
Figure 7. Total Output Screen for the first model 
   Figure 7 above shows the total output screen. Each figure will be shown separately as 
below with description. 
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Figure 8. Annualized energy related costs output for the first model 
   Figure 8 shows that the annualized energy related cost is greater than $25,000. It is 45 
times less than the total cost provided by the facilities management department 
(1137440.17/25000 = 45.5). The scaling factor 28 is obtained by calculation of building 
volume. Actual volume of the building is 28 times higher than the volume of the building 
modeled in BEOPT (3191057/118215=27). The scaling factor 33.7 is obtained by 
calculation of floor area (276044.3/8177=33.7). Actual building gross area and volume 
are obtained from the facilities management in an excel file [3]. So it can be seen that the 
volume factor is and the area factor are very close to each other. Moreover, another 
approximate calculation can be done for surface area. Since it was not possible to obtain 
surface area of the actual building, it was approximately calculated. In this case, the 
scaling factor is 8 (290913.6 ft
2
/37620 ft
2
=7.73). Since it was not possible to draw the 
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actual building because of the limitation of the software, the outputs have to be scaled for 
accurate values. 
 
Figure 9. Source Energy Use Output for the first model 
Figure 9 above shows the source energy usage in MMBTU per year. This model shows 
less consumption than the reference building. Because there is no energy consumption for 
washer-dryer, cooking etc. in this simulated building. But IECC fixes some energy 
consumption for their reference residential building. The model shows (992-663=329 
MMBTU*293.1=) 96429.9 kWh/yr for electricity consumption. This value is 
approximately (4858059/96429.9) 50.3 times less than the provided data for electricity 
consumption. This model indicates 663 MMBTU/year for oil consumption. This value is 
also (17210/663) 26 times less than the provided data for oil consumption. 
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But the total the cost factor is 45 and not close to the other two area and volume factors. 
Since this cost factor includes both electricity and oil costs, it is different from them. 
These results are based on the simulation of the first model in BEOPT. Now the same 
building will be modeled in HOT-2000 software to verify the and BEopt model. 
ІІІ. HOT-2000 MODEL 
   The same engineering building is modeled in HOT-2000 software to validate the 
previous BEopt model. This section won't show the whole design and modeling. It will 
only compare the simulated results with the previous results of BEopt model. The 
following figure will show the top view of the engineering building divided for the design 
in HOT-2000 software (http://canmetenergy.nrcan.gc.ca/software-tools/hot2000/84). 
 
 
 
 
 
Figure 10. Top view of engineering building with 26 regions 
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   To model the engineering building in HOT-2000, the whole area is divided into 26 
zones and almost all inputs are considered same as the BEopt model. Since there are 4 
zones where each pair has same floor area but other parameters are different, it can be 
considered as there are 26 zones. Each region is simulated in HOT software and then the 
simulated results of all zones are added to calculate the total consumption. The following 
table shows the electrical and heating consumption of each zone.  
TABLE 14: SIMULATION RESULTS OF MODELS IN HOT-2000  
Zone 
No. 
Electrical 
Consumption 
(kWh) 
Heating 
Consumption 
(MMBTU) 
Zone 
No. 
Electrical 
Consumpti
on (kWh) 
Heating 
Consumptio
n (MMBTU) 
1 188367 1759 13 356039 1586 
2(1) 10362 188 14 376261 1361 
2(2) 18997 162 15 57158 349 
3 55169 769 16 10691 141 
4(1) 31547 397 17 170856 1234 
4(2) 31547 397 18 170764 1214 
5 377361 1424 19 141679 1087 
6 146030 1081 20 5057 99 
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7 109135 763 21 62063 519 
8 214933 1132 22 137353 1004 
9 390530 1921 23 21667 476 
10 37544 353 24 29299 274 
11 263580 1268 25 255874 1244 
12 243370 1026 26 130411 585 
Total 4043644 23813 
    
   Table 14 above shows the total electrical and heating consumption in HOT-2000 
software which are 4043644 kWh and 23813 MMBTU, respectively. The provided data 
by the Facilities Management Department are 4858059 kWh for electricity and 17210 
MMBTU for heating [2]. It is not possible to adjust the whole building in HOT software 
due to the large  area of this building and limitation of the HOT-2000 software. The 
simulated data is very close to the provided measured data and to the results of BEopt 
model. Since all of the inputs of this HOT-2000 model are the same as the BEopt model 
inputs and they show almost similar results, it can be said that both models are correct.      
ІV. PROPOSED IMPROVED MODEL 
   Two building models described above are developed which show almost actual energy 
consumption of the engineering building. An improved model is developed in BEopt 
software which shows lower energy consumption than the provided data. This design also 
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includes the three inputs like the previous BEopt design.  For the improved design, only 
the options screen is changed from the previous design. The other two inputs i.e. 
geometry screen and site screen are kept as such as the previous design. This means the 
second model is the improved version of the same building i.e. same geometry with the 
same site screen. So only the options screen of the improved design is explained below.  
   Since the building option screen is kept the same for the improved design, it is not given 
here. Table 15 shows operation options screen of the improved BEopt model.  
  TABLE 15: OPERATION OPTION SCREEN 
Name of the Option  Selected Option 
Heating Set Point 68 F 
Cooling Set Point 73 F 
Humidity Set Point 45% RH 
Miscellaneous Electric 
Loads 
Gas/Electric-24148kWh/yr, All 
electric-25769kWh/yr 
Miscellaneous Gas Loads 0 
Miscellaneous Hot Water 
Loads 
0 
Natural Ventilation None 
Interior Shading None 
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   From table 15, it can be seen that only heating set point and cooling set point are 
changed from the previous BEopt design. These points are changed according to the 
requirements of passive house which is 20
0
C as a comfortable temperature [4].  
   The walls option screen is kept as such. Table 16 shows the ceilings/roofs option 
screen. 
TABLE 16: CEILINGS/ROOFS OPTION SCREEN 
Name of the Option  Selected Option 
Finished Roof R-49 Fiberglass, 2˟12, R-25 
XPS (R-value:73) 
Roof Material Metal, Dark 
 
   Finished roof is chosen by calculating the R-value. Suggested R-value for thermal 
building is less than 0.01 W/m
2
. But in BEOPT, the lowest R-value in W/m
2 
can be 
chosen as 0.05 W/m
2
 (73h.ft
2 
/ BTU = 0.05 W/m
2
 ) [4]. And the roof material chosen as 
metal dark, since it is more energy efficient option. 
   The foundation/floors and thermal mass options are kept as such. Windows/Doors 
option screen for the improved design is given in table 17. 
 
 
61 
 
TABLE 17: WINDOWS AND DOORS OPTION SCREEN 
Name of the Option  Selected Option 
Window Areas 12% F25 B25 L25 R25 
Windows Triple-Pane, High-Gain Low 
E, Insulated Frame, Air Fill  
Eaves None 
Overhangs None 
 
   Since the window area is not given in the requirements of passive house design, this 
option is chosen by simulating and observing the lowest energy consumption. For the 
windows option, suggested U-value is 0.8 W/m
2
 or less [4]. In this improved design, U-
value for this type of window is 0.21 BTU/h. ft
2
 (0.21 BTU/h. ft
2
=0.68 W/m
2
). 
   Table 18 shows the airflow option for the improved design. 
TABLE 18: AIRFLOW OPTION SCREEN 
Name of the Option  Selected Option 
Air Leakage None 
Mechanical Ventilation HRV, 70%, 50% of 
ASHRAE 62.2 
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   Suggested ventilation by the requirements of passive house design is the heat recovery 
ventilation (75% or higher) [4]. In this design, the highest HRV can be chosen as 70%. 
And for this type of ventilation and building volume of 118215 ft
3
 in BEOPT, ACH is 
((55.9/118215)*60=) 0.028 So air leakage is chosen as none. 
   The other option screens are kept as such. In the simulation results of the improved 
design of the engineering building, the following window can be observed. 
 
Figure 11. Total Output Screen for the second model 
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Figure 12. Annualized energy related costs output for the improved building model 
   Figure 12 shows that the total cost has been reduced from $25000 to $17500 which is a 
great improvement from the previous design. 
   Figure 13 shows that the oil consumption has been reduced from 652 MMBTU to 435 
MMBTU for one year. The electricity consumption is almost the same. It is not reduced 
because it is not used for heating. But the oil consumption was very high. If the 
engineering building can be modified like the improved BEopt model, it can run by a 440 
kW fuel cell system. Now,    
400*8765=3506000 kWh=3506000/293.1 MMBTU =11961.8 MMBTU 
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Figure 13. Source Energy Use Output for the second model 
   From the scaling factors of simulation results, the scaling factor is considered as 30. So 
fuel cell can supply maximum (11961.8/30=) 398 MMBTU of electricity. But the 
improved design shows 325 MMBTU. So this is already in range. For heating, fuel cell 
can supply (0.96+0.59=1.55 MMBTU/hr=1.55/30 MMBTU = 0.0517*8765 MMBTU/yr  
maximum or 452.86 MMBTU. The improved design shows 435 MMBTU for heating. In 
this case, this is also in range. So it can be said that this natural gas based fuel cell can 
provide both required electricity and required heating for the improved BEopt model. 
V. CONCLUSION 
   In this paper, two models of MUN engineering building are built in BEopt software and 
HOT-2000 software. Then those models were analyzed. They showed almost similar 
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results and results were close to the provided data. Moreover, an improved version of 
BEopt model is also developed here which showed less energy consumption than the 
actual provided data. In this analysis, a 440 kW fuel cell system is also proposed to 
supply electricity and heat for the engineering building. The impact of scaling factors was 
also observed. This paper also indicated the limitations of the existing design analysis in 
both BEopt and HOT-2000 models. Possible improvements to the building are proposed 
in the section IV.  
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CHAPTER 4 
Simulink Modeling of a Phosphoric Acid Fuel Cell System 
4.1 Fuel Cell Modeling 
Modeling has become very important to develop fuel cell technology during the past two 
decades. The core knowledge of fuel cell development is represented by cell-level 
models. Here the dimensionality of models is used as the criterion to provide an 
overview. In this case, from zero-dimensional to fully three-dimensional approaches are 
considered. Zero-dimensional models consider single equations and one-dimensional 
models describe processes orthogonal to the electrolyte, simulations in two and more 
dimensions also describe the mass, heat, and charge transport in the plane of the flow 
field. Steady state approach is the selected one where all of these models are applicable. 
But computational effort in the time domain is considerably higher than steady state 
approaches for the same dimensionality. So it requires adequate computational resources. 
For this reason, now-a-days transient modeling is becoming popular [21]. 
Since fuel cell follows non-linear behavior, Matlab/Simulink is used to control its 
behavior. Matlab/Simulink is very popular to model dynamic and non-linear systems. The 
following polarization curve of fuel cell can show its non-linear behavior more clearly. 
Usually this behavior is almost same for all types of fuel cell but the voltage and current 
level differ. 
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Figure 4.1: Typical polarization curve of fuel cell [22] 
Figure 4.1 indicates the characteristic graph of voltage versus current for a set of 
operating conditions of a fuel cell. It summarizes the three parts of the voltage losses 
which are activation loss, Ohmic loss and concentration loss [22]. 
The basics of fuel cell and details of these losses will be explained in the following 
manuscript. This manuscript will show three models of PAFC type fuel cell in 
Matlab/Simulink software. Basically the steady state modeling approach will be observed. 
The first model is based on empirical equations where these three losses can be identified 
with the system output voltage. The second model is based on a simple curve fitting 
approach where these losses can't be identified separately. In this model, only the system 
output voltage can be calculated. The third model is based on the available Simulink 
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blocks. This model can't calculate the losses separately. But it can calculate the system 
output voltage. The simulation results of these three models are studied and compared in 
this paper. 
4.2 Preface 
A version of this manuscript has been published in the 21
st
 IEEE Newfoundland 
Electrical and Computer Engineering Conference (NECEC), 2012, St. John's, 
Newfoundland and Labrador, Canada. This paper has also been presented in the 
conference by the principal author Mahmuda Ahmed Tanni. The co-author Dr. Tariq 
Iqbal supervised the principal author Mahmuda to develop the three models in the paper 
and helped her to conceptualize the theories needed for this research. Mahmuda Tanni 
wrote this paper, developed these three models in Matlab/Simulink and conducted 
simulation. Dr. Iqbal reviewed the manuscript, simulations and provided necessary 
suggestions.      
This manuscript will end up with the selection of the best model among the presented 
three models. The best chosen model will be elaborated and connected with the Power 
System Blocksets (PSB) in the next chapter. Then the power electronics part of a fuel cell 
system will be explained. The dynamics of a fuel cell system will also be observed in that 
chapter. 
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Abstract-In this paper an approach for the steady state modeling of a Phosphoric 
Acid Fuel Cell (PAFC) system is presented. The selected PAFC system contains 
three fuel cell stacks. This paper presents three models. 'Model 1' is based on the 
empirical equations. Matlab-Simulink software is used to simulate the model. This 
model mathematically calculates the cell output voltage including Nernst potential, 
activation loss, ohmic loss and concentration loss. The system characteristics i.e. 
voltage and current curves with respect to time can be observed through this model. 
The voltage versus current (V-I) curve is also determined can also be observed 
including all losses. The effects of output voltage variation can be investigated with 
respect to different input parameters. 'Model 2' uses a simple curve fitting approach 
while 'Model 3' is based on available simulink blocs. Details of all three system 
models and simulation results are included in the paper. The developed models are 
very simple and require minimal computation time. 
   Index Terms-PAFC, Steady State Modeling, System Dynamics, V-I curve. 
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І. INTRODUCTION 
   A fuel cell is an electrochemical device which produces electricity from continuously 
supplied streams of fuel and oxidant to porous anodes and cathodes. A fuel cell is similar 
to a conventional battery which produces electricity by electrochemical reactions. There 
are five major types of fuel cells such as Alkaline (AFC), Phosphoric Acid (PAFC), 
Molten Carbonate (MCFC), Solid Oxide (SOFC) and Proton Exchange Membrane 
(PEMFC) [1]. 
   Generally PAFC system operates at 150–1900C and the pressure ranges from ambient to 
5 atm. Typically Pt is used as a catalyst both for hydrogen and oxygen electrodes in a 
PAFC system. The PAFC system is attractive because of its various features. The waste 
heat from the stack can be used in this system which makes co-generation possible. 
Moreover, a part of the waste heat can be used for process steam generation and can be 
fed to the upstream reformer. Overall system efficiencies could reach about 80% because 
of all these features [2]. 
This paper presents a steady state modeling of a PAFC system containing three fuel cell 
stacks. Three modeling approaches are presented. The first model is based on empirical 
equations. It calculates the cell output voltage, stack output voltage and the system (3 fuel 
stacks) output voltage for each input current density value. The system dynamics can also 
be observed and the I-V curve can be investigated. Two more models based on simple 
curve fitting and using Simulink blocks are also presented.  
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   In this paper, section 2 describes the mathematical model, section 3 describes the 
system simulation, section 4 shows the results and discussions, and section 5 concludes 
the paper. 
ІІ. MATHEMATICAL MODELING 
   The mathematical modeling is important to understand the steady state modeling. The 
first modeling of a PAFC is based on empirical equations. This model includes Nernst 
potential, activation loss, ohmic loss and concentration loss. The overview of an 
individual fuel cell loss can be observed from the following block diagram, 
 
Figure 1. Block diagram of a PAFC 
   Equation (1) represents the above block diagram [3]. 
concohmicactnernstCell VVVEV                                                                                           (1) 
The equation signs of all of the losses are negative, therefore Vcell is always less than 
Enernst. 
A. Nernst Potential 
   The thermodynamic potential is found at thermodynamic balance. Nernst potential 
expresses this voltage. At standard condition (298.15 K, 1 atm), hydrogen, oxygen and 
vapor produce a thermodynamic potential [4]. 
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 Here E
0
 represents the reference potential at unity cavity (1.229 V at standard state), p'H2, 
p'O2 and p'H2O are the hydrogen, oxygen and vapor partial pressures (atm), respectively. 
Moreover, T is the cell temperature (K), R is the universal gas constant (8.31441 J mol
-1
 
K
-1
), F is the Faraday constant (96484.56 C mol
-1
) and n is the number of electrons 
participating in the reaction [4].
 
B. Activation Loss 
   The activation energy is related to both chemical and electrical reactions. They can be 
distinguished by the reacting species. The voltage drop due to the activation loss can be 
minimized by rate parameters and activation energy of one or more rate limiting reaction 
steps. The equation of activation loss is observed as below [5]. 
0
ln
i
i
nF
RT
Vact 

                                                                                                       (3) 
   where α is the electron transfer coefficient of the reaction at the electrode being 
addressed, i is the current density and i0 is the exchange current density. 
C. Ohmic Loss 
   The resistance of flowing ions in the electrolyte and through the electrode causes ohmic 
loss. This loss can be reduced by  decreasing the electrode separation and increasing the 
ionic conductivity of the electrolyte [5], (P:2-12) . The ohmic loss is given by equation 
(4) [4]. 
intIRVohmic                                                                                                                                      (4) 
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   Here I is the electrical current and Rint is the internal resistance. The equation of Rint is 
developed empirically for the proposed model based on some experimental data keeping 
the temperature fixed to 451 K (178 
0
C). The equation of Rint can be expressed as below, 
819.0
int 0652.0
 IR  
D. Concentration Loss 
   Sometimes reactants may be diluted by the products in electrochemical reactions. Thus 
concentration loss occurs. The equation of concentration can be written as [5], (P:2-16). 







L
conc
i
i
nF
RT
V 1ln
                                                                                                                    (5) 
where iL is the limiting current density.
 
   The individual stack voltage can be written as follow [4], 
cellstack NVV                                                                                                                                          (6) 
where N is the number of fuel cell in a stack (i.e. 376) and Vstack is the stack voltage for a 
PAFC. 
   Since the proposed system contains three fuel stacks, the system voltage of the steady 
state model can be observed by equation (8), 
stacksystem VV  3                                                                                                                                  (7) 
where Vsystem is the PAFC system output DC voltage.                
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ІІІ. SYSTEM SIMULATION 
   This paper represents three steady state models and a comparison among them. 'Model 
1' is based on empirical equations of fuel cell described in the above section. Figure 9 
shows the Matlab/Simulink block diagram of 'Model1'. 
 
                                      Figure 2. Matlab/Simulink block diagram of 'Model 1' 
Figure 2 shows the steady state modeling based on the mathematical equations discussed 
in section 2. The input parameters which are fixed in 'Model 1' are listed in table І. 
TABLE І: INPUT PARAMETER VALUES OF THE PAFC STEADY STATE MODEL 
Parameter Name Parameter Value 
Temperature, T  451 K 
Gas Constant, R  8.31441 J mol
-1
 K
-1 
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   The variable input parameter of 'Model 1' is the current density (i), indicated at the top 
of inputs in figure 2. This input parameter is varied to observe different system voltages 
(Vsystem) at the output. This model also calculates Nernst potential (Enernst), activation loss 
(Vact), ohmic loss (Vohm), concentration loss (Vconc), cell output voltage (Vcell) and 
individual stack voltage (Vstack) for each input i. The system voltage and current curves 
with respect to time can be observed through the scope 'V & I' block. 
Faraday Constant, F 96484.56 C mol
-1 
Partial pressure of hydrogen, pH2 4 atm 
Partial pressure of oxygen, pO2 3.5 atm 
Partial pressure of vapor, pH2O 1 atm 
Electron transfer coefficient, α 0.5 
Exchange current density, i0 10
2
 A m
-2 
Cell area, A 0.1950 m
2 
Number of electrons 
participating in the reaction, n 
2 
Limiting current density, iL 3590 A m
-2 
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   The second model 'Model 2' is based on a simple curve fitting on the manufacturer 
provided I-V data. Figure 3 shows the steady state modeling based on a I-V curve. This 
model is named as 'Model 2'. The I-V curve equation is 1398.8*(i^(-0.073)).  
 
Figure 3. Matlab/Simulink block diagram of 'Model 2' 
   Here i represents the current density which is the only input to this model. Vsystem is the 
system output voltage which is the only output of 'Model 2'. This 'Model 2' calculates the 
system voltages for different input current densities. This model also shows the system 
voltage curve with respect to time for each selected input. 
   Simulink has a generic fuel cell stack model as a block in power system block set. This 
generic block can present any type of fuel cell for a set of input data. We used three such 
blocks with a set of inputs to represent our fuel cell system. Figure 4 shows the steady 
state modeling based on the built-in fuel cell stack of Matlab/Simulink software. This 
'Model 3' is developed by connecting three built-in fuel cell stack models in series. Only 
three inputs T, Ph2, Po2 are allowed in this model. This is the major short coming of this 
simulink model. This 'Model 3' is a combination of simulink blocks and SimPowerSystem 
(SPS) blockset. A voltage measurement and mean block are connected to measure the 
system output voltages. Ground connections are arranged to simulate the model correctly. 
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A powergui block is kept in the model to run the power system blocks. The scope block 
shows the system voltage with respect to time. 
 Figure 4. Matlab/Simulink and power system block diagram of 'Model 3' 
   The values of input T, Ph2, Po2 are kept same to compare these three models. 'Model 3' is 
different from 'Model 1' and ' Model 2' since no input I (current density) is possible. In 
this case, the block parameters of fuel cell stacks can be changed which are different from 
the other two models. Here the I-V curve and cell parameters can be observed. 
ІV. RESULTS AND DISCUSSIONS 
   The comparison of these three models can be investigated by observing the results of 
each model. Table ІІ shows the results of 'Model 1' and 'Model 2' for different inputs. 
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TABLE ІІ: RESULTS OF 'MODEL 1' AND 'MODEL 2' 
 
Current 
Density, i 
(Am
2
) 
For 'Model 1':  For 'Model 2':  
System voltage, 
Vsystem (V) 
System voltage, 
Vsystem (V) 
9 1308 1192 
500 1042 888.7 
1000 984.8 844.8 
1512 947 819.7 
2012 917.5 802.8 
2512 890.5 789.9 
3018 861 779.4 
3519 801.9 770.7 
 
   Table ІІ shows the results of the display blocks of 'Model 1' and 'Model 2'. The scope 
block observations of these models are given in figure 5 and figure 6. No system 
transients are shown since all three models are the steady state models.
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Figure 5. Voltage and Current as a function of time 
   Figure 5 shows the observation of 'Model 1' for a single input. The topmost straight line 
is the system voltage line and bottom line is (which almost falls upon x-axis) the system 
current line. The lines are straight because they are the outputs for only one input. 'Model 
1' will show similar figures for all inputs but a different value. The current value is very 
low which increases with the increase of current density and the voltage value decreases 
accordingly. 
   In case of 'Model 2', figure 6 is the result of simulation. 
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Figure 6. System Voltage as a function of time 
   Figure 6 shows only the system voltage line for a single input. This value decreases 
with the increase of current density value. 
   The display block result of  'Model 3' (Figure 4) is 1314 V which can be controlled by 
adjusting the three inputs and the block parameters of the three fuel cell stacks. Figure 7 
shows the observation of the scope block of 'Model 3'.  
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Figure 7. System Voltage as a function of time 
   Figure 7 shows that the system voltage increases up to 1314 V and then it saturates. 
This is because 'Model 3' has a mean block which calculates the mean values of each fuel 
cell stack and then the three values are added.  
   Figure 8 shows the I-V and I-P curve for fuel cell stack 1 shown in figure 4. The results 
for fuel cell stack 2 and 3 are same as below. This type of I-V and I-P curves can also be 
observed by changing block parameters for different inputs of each fuel cell stack. The 
cell parameters can also be adjusted for 'Model 3'. 
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Figure 8. I-V and P-V curves of 'Model 3' 
   From the results of these three models, it can be observed that 'Model 1' is better than 
'Model 2' and 'Model 3' since we have full control on different parameters in 'Model 1'. In 
'Model 2', we can only control on parameter i. Table 2 also shows better system voltages 
for 'Model 1'. In case of 'Model 3', we have limited control on built-in fuel stacks. We 
can't give our desired inputs to this model. And 'Model 1' can also show similar I-V 
curves (shown in figure 8) by calculating the outputs or using a X-Y plotter. So 'Model 1' 
is the best choice among these three models and it has simplicity and all parameters could 
be adjusted as needed to represent a real fuel cell stack. 
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V. CONCLUSION 
   In this paper the steady state modeling of a PAFC system is presented in three ways and 
simulated. Three models are compared on the basis of results and the best model is 
chosen. Further analysis could be done as needed and these models can be used to 
represent a full system by connecting power electronics blocks. 
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CHAPTER 5 
Dynamic Modeling a of Phosphoric Acid Fuel Cell (PAFC) and 
its Power Conditioning System 
5.1 Dynamic Modeling of Fuel Cell 
Dynamic modeling helps to show the dynamic behavior of a fuel cell. Basically it is the 
main part for designing the control of a system [23]. The following manuscript will show 
the dynamic modeling of PAFC type fuel cell under different load conditions. This 
manuscript will also show the variations of dynamic response of PAFC at different stages 
of the presented dynamic model. 
5.2 Power Conditioning System of Fuel Cell 
Since the fuel cell produces dc electricity, this electricity is converted into ac electricity 
for use. This conversion of dc power into ac power can be observed in the following 
figure. 
 
Figure 5.1: Power conditioning system of a fuel cell [24] 
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The output of the fuel cell can be connected to a dc-dc/dc-ac converter as needed. 
Sometimes the dc output of the fuel cell is connected to the dc-dc converter to boost the 
low voltage into high voltage. Besides the dc output is connected to the dc-ac converter 
and then to the load directly. The load can be resistive, inductive, capacitive, non-linear or 
combination of these four elements [25]. 
The following manuscript will describe the power conditioning system more clearly in 
Matlab/Simulink and its Power System Blocksets (PSB). It will show the dynamic 
modeling of PAFC type fuel cell with the dynamic responses at different stages of 
system. It will show the dc-ac conversion directly and the application of pure resistive 
load in the dynamic model. Simulation results will indicate different dynamic response 
under different conditions of the resistive load.         
5.3 Preface  
A version of this manuscript has been published in the 3
rd
 International Conference on 
Future Environment and Energy (ICFEE), 2013, Rome, Italy. Moreover, this paper has 
also been published in the Journal of Clean Energy Technologies (JOCET), vol 1, no. 3, 
pp. 178-183, ISSN: 1793-821X, July 2013. This paper has also been presented in the 
ICFEE conference by the principal author Mahmuda Ahmed Tanni. The co-author Dr. 
Tariq Iqbal supervised the principal author to develop the dynamic model presented in the 
paper and helped her to understand the theories and model needed for this research. 
Mahmuda Tanni wrote this paper, developed the dynamic model in Matlab/Simulink and 
its Power System Blockset (PSB) and then conducted simulation. Dr. Iqbal reviewed the 
manuscript, checked and corrected all simulations and provided important suggestions.     
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This manuscript will end up with the successful conduction of the simulation of a PAFC 
type dynamic model. The ac power of this dynamic model will be connected to the grid in 
the next chapter. Moreover, a simple control mechanism will be developed in the next 
chapter, so that it can deliver required power. Basically, a grid connected PAFC type 
model will be developed with a simple control mechanism.   
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Dynamic Modeling a of Phosphoric Acid Fuel Cell (PAFC) and its Power 
Conditioning System 
M. A. Tanni, Student Member, IEEE, Md Arifujjaman, Member, IEEE, M. T. Iqbal 
Abstract—This paper presents the dynamics of a phosphoric acid fuel cell (PAFC) 
and its associated power electronics. The modeling of the power conditioning system 
for phosphoric acid fuel cell is discussed here. This model is based on empirical 
equations. The simulation is done using Matlab/Simulink and its Power System 
Blockset (PSB). This model mathematically calculates cell output voltages and their 
consequent losses. It also calculates the ac output from the system by simulating an 
inverter dc input from the fuel stacks. The V-I curves and dynamics can be 
observed. The effects of variation in outputs for different inputs can also be 
observed. This model is easy to understand and it requires less computational time. 
Index Terms—Distributed Generation, Dynamic Modeling and Simulation, 
Phosphoric Acid Fuel Cell, Power Conditioning System.  
 
І. INTRODUCTION 
   Recently alternative or renewable energy is becoming more popular because of 
increasing energy consumption. People are also becoming aware of environment impact 
and declining fossil fuels. Common alternate energy sources are fuel cells, wind turbines, 
micro-turbines, photovoltaic etc. These are also referred as distributed generation (DG). 
Fuel cells have drawn more attraction from different distributed generation since it has 
the potential capability of providing both heat and power [1].    
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    A fuel cell (FC) is an electrochemical device that converts the chemical energy of the 
fuel directly into electrical energy. Fuel cells have a low environmental impact and 
operate silently in practical situations with high efficiency and long lifetime. So they can 
represent a very good option as a DG [2]. 
   A power conditioning stage is essential to produce commercial ac power since the 
output of a fuel cell is dc electricity [3]. So fuel cell plants can produce this ac power. 
Generally there are three major subsystems in a fuel cell plant which are a reactant supply 
subsystem to convert natural gas to a hydrogen-rich gaseous fuel, a power section 
subsystem including a thermal management assembly to generate dc power and a power 
conditioning subsystem to convert the dc power generated in the power section subsystem 
to ac power [4]. Figure 1 shows the process.  
   According to the type of electrolyte used, the most common fuel cells are: phosphoric 
acid fuel cells (PAFC), alkaline fuel cells (AFC), molten carbonate fuel cells (MCFC), 
solid oxide fuel cells (SOFC) and proton exchange membrane fuel cells (PEMFC). 
 
Fig. 1. Fuel Cell Power Plant Major Processes [5], (P: 1-7) 
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   Among them, PAFC has one of the most advanced technologies available 
commercially. It is possible to improve the performance of a fuel cell by changing the 
operating variables (e.g. pressure, temperature, gas composition, current density etc.). It is 
important to select an operating point (cell voltage and related current density) of a fuel 
cell till the system requirements are satisfied [6]. 
   This paper represents a model of the last two subsystems of fig.1. A dynamic modeling 
of phosphoric acid fuel cell (PAFC) system including dc to ac power conversion is 
proposed here. The model is based on empirical equations. This model includes fuel 
stacks to produce dc power and a dc to ac inverter to produce ac power. The model is 
validated by SimPowerSystems (SPS) blockset of Matlab/Simulink. Section 2 describes 
the mathematical model, section 3 describes the dynamic model, section 4 shows the 
simulation results and discussions, and section 5 concludes the paper. 
 
ІІ. MATHEMATICAL MODELING 
   Since mathematical modeling gives the idea of valuable insight into the 
electrochemistry of the fuel cell and the processes that take place in the system, it can be 
considered as a basic tool in the development of fuel cells [6]. 
   In this paper, the model of PAFC investigates the appropriate load according to the 
power demand. It also shows the IV curves and values of dc and ac voltage, current and 
power. The system consists of three PAFC stacks and each stack contains 376 individual 
cells. The dc output power is converted to ac. The basic block diagram of the proposed 
model is presented in fig.2.   
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Fig. 2. Basic block diagram of the PAFC model 
   The mathematical modeling of a PAFC is the foundation for the modeling of the whole 
PAFC system. The mathematical modeling of an individual PAFC includes Nernst 
potential, activation loss, ohmic loss and concentration loss. The overview is shown in 
fig.3 below. 
 
Fig. 3. Block diagram of an individual PAFC 
   The equation format of fig.3 can be expressed as below [6], 
concohmicactnernstCell VVVEV                                                                                           [1] 
A. Nernst Potential 
   The thermodynamic potential can be obtained at thermodynamic balance. The Nernst 
potential is the modified equation to express this voltage. At standard condition (298.15 
K, 1atm), the overall reaction includes hydrogen, oxygen and vapor to produce a 
thermodynamic potential [7]. 
]
'
)'('
ln[
2
5.0
220
OH
OH
nernst
p
pp
nF
RT
EE 
                                                                                  [2]
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   Here E
0
 represents the reference potential at unity cavity (1.229 V at standard state), 
p'H2, p'O2 and p'H2O are the hydrogen, oxygen and vapor partial pressures (atm), 
respectively. Moreover, T is the cell temperature (K), R is the universal gas constant 
(8.31441 J mol
-1
 K
-1
), F is the Faraday constant (96484.56 C mol
-1
) and n is the number 
of electrons participating in the reaction [7].  
B. Activation Loss 
   The activation energy involves both the electrical and chemical reactions. The similarity 
between them can be overcome by the reacting species. The voltage drop caused by 
activation losses on a particular electrode under specific conditions can be controlled by 
the rate parameters and activation energy of one or more rate limiting reaction steps. The 
equation for activation polarization is described by the following equation [5].  
0
ln
i
i
nF
RT
Vact 

                                                                                                            [3]   
where α is the electron transfer coefficient of the reaction at the electrode being 
addressed, i is the current density and i0 is the exchange current density. 
C. Ohmic Loss 
   Ohmic loss occurs because of resistance of flowing ions in the electrolyte and through 
the electrode. This loss can be reduced by decreasing the electrode separation and 
enhancing the ionic conductivity of the electrolyte [5], (P:2-12). The ohmic over voltage 
is given by equation (4) [7]. 
intIRVohmic                                                                                                                                        [4]      
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   Here I is the electrical current and Rint is the internal resistance. The equation of Rint is 
developed empirically for the proposed model based on some experimental data keeping 
the temperature fixed to 451 K (178 
0
C). The equation of Rint can be expressed as below, 
819.0
int 0652.0
 IR                                                                                                                            [5]
 
D. Concentration Loss 
   A reactant is consumed at the electrode by electrochemical reaction where it is often 
diluted by the products. Concentration loss is the result of this incident. The equation of 
concentration can be written as [5], (P:2-16). 







L
conc
i
i
nF
RT
V 1ln
                                                                                                                    [6] 
where iL is the limiting current density. 
The mathematical modeling of a single PAFC stack follows equation (7) [7], 
cellstack NVV                                                                                                                                                        [7]
 
 where N is the number of fuel cell and Vstack is the stack voltage for a PAFC. 
 
 
ІІІ. DYNAMIC MODELING 
 The mathematical expressions for the fuel-cell system and power conditioning system 
are modeled in the Matlab-Simulink environment. The dynamic model of PAFC  is given 
in fig.4. 
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Fig. 4. Dynamic Model of PAFC 
From fig.4, the dynamic modeling of the PAFC system including power conditioning 
system can be simulated. The 'Inputs', 'Feedback', 'Fuel Cell eqns', 'Con of sim blocks to 
pow blocks' & 'Measurements' block are subsystem blocks. The 'Inputs' block contains all 
inputs to the model.  
    Figure 5 shows the inputs of the model which can be observed in table І clearly. 
I_3stacks
V_3stacks
P_3stacks
Vdc
Pdc
Idc
Vac
Pac
Discrete,
Ts = 5e-005 s.
powergui
dc 
ac
Vdc
Vac
V_3stacks
Series 
RLC 
Branch
Phase 
Voltages
Phase
Currents
Pdc 
Pac 
P_3stacks
Pulses
PWM 
Generator
Vph1
Vph2
Vph3
ac pow,Pac
Iph1
Iph2
Iph3
A
B
C
Load,A
Load,B
Load,C
Measurements
A B C
A B C
Load
g
A
B
C
+
-
Inverter
Temp,T
Gas Const,R
Faraday  Const,F
Press.of  H2,Ph2
Press.of  O2,Po2
Press.of  H20,Ph2o
e- trans. coef f .,a
Ex. current den,i0
Area,A
No. of  e- in reac,n
Limit cur den,iL
Inputs
Idc
Iac
I_3stacks
I, V & P
i
T
R
F
Ph2
Po2
Ph20
i0
a
n
A
iL
V_3stacks
I_3stacks
P_3stacks
Fuel Cell eqns
F
e
d
.
c
u
r
,
I
c
u
r
.
d
e
n
,
i
Feedback
V_3stacks
dc cur,Idc
dc pow,Pdc
dc v ol,Vdc
Diode cur,I
Con of sim blocks
 to pow blocks
95 
 
 
Fig. 5. 'Inputs' subsystem block 
TABLE І: Input parameter values of the PAFC dynamic model 
Parameter Name Parameter Value 
Temperature, T  451 K 
Gas Constant, R  8.31441 J mol
-1
 K
-
1 
Faraday Constant, F 96484.56 C mol
-1 
R
11
Limit cur den,iL
10
No. of e- in reac,n
9
Area,A
8
Ex. current den,i0
7
e- trans. coeff.,a
6
Press.of H20,Ph2o
5
Press.of O2,Po2
4
Press.of H2,Ph2
3
Faraday Const,F
2
Gas Const,R
1
Temp,T
4
ph2
2
n
3590
iL
10^2
i0
0.5
alpha
451
T
3.5
Po2
1
Ph2o
9.648456e+4
F
8.31441
1950e-4
A (Cell
 Area) 
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Partial pressure of hydrogen, 
pH2 
4 atm 
Partial pressure of oxygen, 
pO2 
3.5 atm 
Partial pressure of vapor, 
pH2O 
1 atm 
Electron transfer coefficient, 
α 
0.5 
Exchange current density, i0 10
2
 A m
-2 
Cell area, A 0.1950 m
2 
Number of electrons 
participating in the reaction, 
n 
2 
Limiting current density, iL 3590 A m
-2 
 
   The 'Fuel Cell eqns' sybsystem block contains all fuel cell equations related to the 
model. This block simulates equation (1) to equation (7). The PAFC system contains 3 
fuel stacks and each stack contains 376 fuel cells. All of the equations are imposed on 
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each fuel cell of the PAFC system. The final equation of the PAFC system can be 
expressed as, 
StackFuelSingleV stack __3_                                                                                        [8]
 
    Figure 6 shows the 'Fuel Cell eqns' subsystem block. The outputs (current, voltage & 
power of three stacks) of this block can be observed through the display blocks and the 
curves can be investigated through the 'I, V & P' scope block. The output 'V_3stacks' is 
connected to the 'Con of sim blocks to pow blocks' subsystem block. 
 
Fig. 6. 'Fuel Cell eqns' subsystem block 
In fig.7, the 'Con of sim blocks to pow blocks' subsystem block maintains the connection 
between the simulink blocks and the power system blocks. It converts the simulink signal 
(V_3stacks, stack voltage for three stacks) into 'simpowersystem' block eligible signal 
through the controlled voltage source block. There is a rectifier diode after the controlled 
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voltage source block in this subsystem block to connect to power system blocks. The 
current measurement and voltage measurement blocks measure the current and voltage, 
respectively. The mean blocks are connected to calculate the mean value of current and 
voltage. The dc power is calculated by multiplying the mean value of current and voltage. 
The power value is converted into kilowatt (kW) unit through a gain block. Thus the 
subsystem block has four outputs which are dc outputs for current, voltage and power and 
diode current. 
 
Fig. 7. 'Con of sim blocks to pow blocks' subsystem block 
    The dc current, voltage and power can be observed through display and scope block in 
fig.4. A series RLC branch is connected with the diode current from the 'Con of sim 
blocks to pow blocks' subsystem block and then grounded. The resistance and inductance 
values are very small compared to the capacitance value in the RLC branch. The value of 
resistance is taken small to keep the power loss small through this path. A small amount 
of inductance value helps to block the ac current through this path. A large amount of 
capacitance value is used to smooth the dc current. After the series RLC branch, the 
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positive port of an inverter is connected to convert the dc signal into ac signal and the 
negative port is grounded. The inverter is IGBT type and it has three bridge arms (A, B & 
C) which are connected to 'Measurements' subsystem block. There is a PWM generator 
input (g) to the inverter which is a pure ac source. Since the 'internal generating of 
modulating signal' of the PWM generator block is marked, no reference input current 
signal is provided. So the wave shapes look like ideal PWM wave shapes.  
    One feedback of dc current from 'Con of sim blocks to pow blocks' subsystem block is 
connected to the 'Feedback' subsystem block. Fig.8 shows the 'Feedback' subsystem 
block. Here the feedback current (I) is converted into current density (i) through a gain 
block to provide it as an input to the model. The memory block is used to store the initial 
condition i.e. to specify minimum current density to observe the results. 
 
Fig. 8. 'Feedback' subsystem block 
In fig.9, the 'Measurements' subsystem block can be observed. The inputs of this block 
are the outputs of the inverter i.e. A, B & C bridge arms. In this subsystem, these three 
bridge arms are connected to the three phase V-I measurement (phase-to-phase type) 
1 cur.den,i
Memory
-K-
Gain
1 Fed.cur,I
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block. The Vabc and Iabc port are connected to the RMS blocks to calculate the root mean 
square (rms) values of voltage and current. Then the rms voltage and current values are 
demuxed into three so that each phase voltage and each phase current for the three phase 
setup can be observed. Vph1, Vph2 & Vph3 are the phase voltages and Iph1, Iph2 & Iph3 are the 
phase currents. One phase voltage is multiplied to one phase current which makes the 
phase power. But this phase power is converted to line power in kilowatt (kW) unit 
through a gain block. The a, b, & c ports of three phase V-I measurement block are the 
outputs of this subsystem.    
 
Fig. 9. 'Measurements' subsystem block 
In fig.4, the outputs of 'Measurements' block are connected to a three phase parallel RLC 
branch acting as a resistive load. The outputs of the load is connected together and 
grounded. The I ac, Vac & P ac display blocks show the ac current, voltage and power, 
respectively. The scope block shows the phase voltages, phase currents and line power 
curves in ac with respect to time. A powergui block is used in fig.4 to run the model with 
simple power system blocks. 
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ІV. SIMULATION RESULTS AND DISCUSSIONS
 
The dynamic model is simulated for 1 second to observe the   results. Table ІІ shows the 
results for different values of load. 
Table ІІ: Results for the PAFC dynamic model 
R (Ω) I_3stac
ks(A) 
V_3sta
cks(V) 
P_3stacks(
KW) 
I dc(A) V dc(V) P 
dc(KW) 
I ac(A) V 
ac(V) 
P ac(KW) 
2.2 587.3 861.4 505.9 586.9 872.1 511.8 276.2 647.3 309.7 
4 348.7 930.1 324.4 348.6 933.4 325.4 164 698.7 198.5 
9 166.2 998.4 165.9 165.8 1009 167.3 78.24 750.1 101.7 
 
 
Fig. 10. Stack current, voltage ,and power as a function of time 
This table shows that the values of stack current (I_3stacks) and dc current (Idc) are almost 
similar and the values of ac current (Iac) are less than the half of I_3stacks or Idc for each 
value of R. The values of stack voltages (V_3stacks) and dc voltages (Vdc) are also similar 
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but ac voltages (Vac) less than the V_3stacks or Vdc. The same characteristic is observed in 
case of power. The power loss is observed between the dc power and ac power because of 
the inverter power loss and absence of filter. 
In fig.10, the initial transient of I_3stacks, V_3stacks, and P_3stacks can be observed through 
the 'I, V, & P' scope block of the dynamic model with respect to time. 
Figure 11 shows the initial transient and steady state values for same parameters with 
respect to time. These wave shapes can be observed through the 'dc' scope block of the 
model. 
 
Fig. 11. DC current, voltage, and power as a function of time 
Figure 12 shows the wave shapes for ac parameters . The wave shapes for phase 
currents and phase voltages are not shown here since the ac current & ac voltage wave 
shapes in fig. 12 are one of the phase currents and voltages, respectively. 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0
500
1000
Time
C
u
r
r
e
n
t
 
(
A
)
Idc
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0
500
1000
1500
V
o
lt
a
g
e
 
(
V
)
Vdc
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0
500
1000
Time
P
o
w
e
r
 
(
K
W
)
Pdc
103 
 
 
Fig. 12. AC current, voltage, and power values 
Figure 10, 11, & 12 are the outputs for the load R=2.2 Ω. Same observations are found 
for other loads but in different range of values. So only these figures are discussed here. 
All of the current curves increases initially and then goes almost to a steady state value. 
Same characteristic is found in case of power. But the stack voltage shows decreasing 
nature at the beginning and then almost linear. The dc and ac voltages also show the 
similar characteristic i.e. increasing nature at the beginning and then almost linear nature.                                   
 
V. CONCLUSION 
    In this paper the dynamic modeling of a PAFC fuel cell system and its associated 
power electronics is presented. Simulation results are discussed at different stages of the 
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model. In future, further analysis can be done by connecting the ac power to the grid and 
by designing a controller for the whole model to deliver some required power. 
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CHAPTER 6 
Modeling and Control of a Grid Connected PAFC System  
6.1 Control of a Grid Connection System 
The main goal of a power conditioning system is to convert the dc power of fuel cell into 
ac power so that it can be delivered to the grid at maximum efficiency. Moreover, the 
quality function of the power conditioning system depends on the control of the system 
[26]. So, control of a grid connected system is very important.   
The following figure shows the fuel cell power system topology. 
 
Figure 6.1: Block diagram of grid connected fuel cell power system [26] 
Figure 6.1 shows the grid connected power system which consists of Renewable Energy 
Source (RES), grid inverter, local load and grid interconnection. Here, the grid inverter 
indicates a three-phase power converter with IGBT where active and reactive power 
control is achieved using an adequate control of the DC-AC power inverter [26]. 
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The following manuscript describes the modeling and control of a grid connected PAFC 
system. It will show the modeling with Matlab/Simulink and Power System Blocksets. It 
will use the built-in IGBT type inverter to convert the dc output of the PAFC system from 
the previous chapter. Moreover, this manuscript will develop a simple control mechanism 
for the grid connected system so that required power can be achieved with negligible 
losses. In this case, required power indicates the power to meet the energy demand of 
engineering building of MUN. This produced power of the grid connected system will be 
enough to meet the energy demand of MUN engineering building mentioned in chapter 
three. 
6.2 Preface    
A version of this manuscript has been accepted for publication in the International 
Journal of Energy Science (IJES), Paper ID: IJES10380. The principal author Mahmuda 
Tanni wrote the paper, developed the grid connected model in Matlab/Simulink and its 
Power System Blockset (PSB) and then conducted simulation. She also developed the 
control mechanism needed for this model. The co-author Dr. Tariq Iqbal supervised and 
helped her to develop the model and the control mechanism in the paper. He also 
provided her necessary concepts for this model. Finally. Dr. Iqbal reviewed the 
manuscript, checked and corrected all Simulink models and suggested necessary 
corrections to the manuscript.      
This manuscript will end up with the completion of main objective of this thesis. Finally, 
a grid connected PAFC system will be developed for MUN engineering building. 
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Abstract-This paper presents a closed-loop control of a 440kW fuel cell system 
including power electronics and grid side filters. Simulation results show the 
dynamics of a phosphoric acid fuel cell (PAFC) and its associated power electronics 
including grid connection. The proposed model is based on empirical equations and 
Simulink blocks. The modeling and simulation is done in Matlab/Simulink software 
with its Power System Blockset (PSB). This model mathematically calculates cell 
output voltages and their consequent losses. Moreover, this model includes dc power 
conversion of fuel cell output into ac and grid interface. Presented model is simple 
and easy to understand.  
     Keywords-Phosphoric Acid Fuel Cell; Modeling and Simulation; Power 
Conditioning System; LCL Filters; Distributed Generation  
І. INTRODUCTION 
     Energy is one of the major requirements to develop the economy of a country [1]. The 
energy demand is increasing and due to a limited resource within few generations 
affordable fossil fuel reserves will be finished. Non-renewable energy sources have been 
utilized worldwide for several years [3]. Moreover, energy transition from the 
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conventional fossil fuels to sustainable energy is very important for the existence of 
future generations and to sustain our economy. This transition can cure the environment 
and offers a secure future for the generations to come. Among alternative energy 
solutions, hydrogen based fuel cell energy is one option to address and alleviate the 
imminent and critical problems [1]. 
     Fuel Cells (FC) are electrochemical devices, which use chemical energy within a fuel. 
This energy is directly converted into electrical energy via an electrochemical reaction. 
The main components of an FC based power system are fuel processing unit (reformer), 
FC stack and Power Conditioning Unit [1].  
 
Figure. 1. Fuel Cell Power Plant Major Processes [4] 
     FCs are broadly classified into five categories based on the type of electrolytic 
material and the type of chemical operation. They are Alkaline FCs, Proton Electrolyte 
Membrane FCs, Phosphoric Acid FCs, Molten Carbonate FCs and Solid Oxide FCs [1]. 
Phosphoric Acid Fuel Cell (PAFC) is one of the most advanced and commercially 
available technology among all other fuel cells [2]. 
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     FC based system requires power conditioning circuits to condition its output DC 
voltage and convert the DC output into AC voltage. For a grid-connected system, an 
inverter is used with a FC. This must be synchronized with the grid in terms of voltage 
and frequency [1].  
     This paper represents a model and a control mechanism of a 440kW PAFC system 
including power electronics and grid filters. A modeling of PAFC system including dc to 
ac power conversion and grid connection is proposed. The FC model is based on 
empirical equations. Power electronics and grid interface is modelled in Simulink. This 
model includes fuel stacks to produce dc power, a dc to ac inverter to produce ac power, 
filters to eliminate fluctuation, grid connection and a closed loop control mechanism to 
maintain a constant output power. The closed loop control mechanism basically compares 
the inverter output with the reference and controls the PWM inverter. The error signal is 
used by the PID controller and PWM generator. Section 2 describes the mathematical 
model, section 3 describes the proposed model, section 4 shows the simulation results and 
discussions, and section 5 concludes the paper. 
ІІ. MATHEMATICAL MODELING 
     A valuable insight into the electrochemistry of the fuel cell can be gained by 
mathematical modeling. It also shows the processes that take place in the system. In this 
model, the main approach is to keep the ac output fixed so that it can be injected to the 
grid. It is known that grid requires three phase balanced output and no fluctuation. 
Another approach is to minimize the losses at different stages of the whole model and to 
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produce 440 kW power at the final stage. The block diagram of the proposed model is 
given below in figure 2. 
 
Figure. 2. Basic block diagram of the PAFC grid connected model 
     In this model, the PAFC system consists of 3 fuel stacks and each stack contains 376 
fuel cells. The dc power of this PAFC system is converted into ac power through the 
power conditioning unit. A simple control mechanism controls the whole system through 
power conditioning unit (PCU). Since the PAFC system of the proposed model is built 
empirically, only the mathematical modeling of the FC part will be explained. The other 
three parts of figure 2 i.e. power conditioning unit, control mechanism and grid are built 
using available blocks available in Matlab/Simulink Power System Blockset (PSB).  
     The output voltage of an individual PAFC includes Nernst potential, activation loss, 
ohmic loss and concentration loss. The overview can be observed in figure 3 below [2]. 
 
Figure. 3. Block diagram of the output of an individual PAFC [2] 
     Figure 3 can be expressed in an equation form as explained below [2].  
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concohmicactnernstCell VVVEV                                                                                                   [1] 
A. Nernst Potential 
     At thermodynamic balance, the thermodynamic potential can be obtained. The 
equation of Nernst potential explains this voltage. At standard condition (298.15 K, 
1atm), the overall reaction result in hydrogen, oxygen and vapor, and produce a 
thermodynamic potential [2]. 
]
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                                                                                          [2] 
In equation 2, E
0
 is the reference potential at unity cavity (1.229 V at standard state). Here 
p'H2, p'O2 and p'H2O represents the hydrogen, oxygen and vapor partial pressures (atm), 
respectively. Additionally, T represents the cell temperature (K), R represents the 
universal gas constant (8.31441 J mol
-1
 K
-1
), F represents the Faraday constant (96484.56 
C mol
-1
) and n represents the number of electrons participating in the reaction.  
B. Activation Loss 
     Both electrical and chemical reactions result in activation energy. Reacting species can 
differentiate between them. Rate parameters and activation energy of one or more rate 
limiting reaction steps can control the voltage drop during activation loss. The following 
equation can explain the activation polarization [2].  
0
ln
i
i
nF
RT
Vact 

                                                                                                                       [3] 
     Here α represents the electron transfer coefficient, i represents the current density and 
i0 represents the exchange current density.
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C. Ohmic Loss 
     Flowing ions incur resistance in the electrolyte and through the electrode. And ohmic 
loss occurs due to this resistance. The ohmic over voltage can be expressed by the 
following equation [2].  
intIRVohmic                                                                                                                                                      [4]   
     
Here I represents the electrical current and Rint represents the internal resistance. The 
developed equation of Rint at the temperature of 451 K (178 
0
C) can be written as below 
[2]. 
819.0
int 0652.0
 IR                                                                                                                                         [5]                                                                                                                          
 
D. Concentration Loss 
     Sometimes a reactant is consumed at the electrode by electrochemical reaction. The 
products often dilute that reactant and thus concentration loss occurs. The following 
equation explains the concentration loss [2]. 






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L
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i
nF
RT
V 1ln
                                                                                                                                  [6]                                                                                                                    
     Here iL represents the limiting current density. 
     The following equation will explain the mathematical modeling of a single PAFC 
stack since 376 fuel cells are connected in series in a single fuel stack [2]. 
cellstack NVV                                                                                                                                         [7]                                                                                                                     
 
     Here N represents the number of fuel cells and Vstack represents the stack voltage for a 
PAFC. 
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     Since three fuel stacks are connected in series in the system, the output voltage of the 
PAFC system can be expressed with the following equation. 
stacksstacks VNV 3                                                                                                                                 [8]                                                                                                                                 
     Here Ns represents the number of fuel stacks, V3stacks represents the output voltage of 
the PAFC system and Vstack represents the individual stack voltage.  
ІІІ. PROPOSED MODEL 
 
Figure. 4. Proposed Model of PAFC type power plant with grid connection 
     Figure 4 shows the proposed model in Matlab/ Simulink environment. This figure also 
shows the control mechanism of a 440 kW PAFC type power plant with grid connection. 
Here a three phase sink is used as grid. Figure 4 is the Matlab/Simulink representation of 
system shown in figure 2. In figure 4, the PAFC system can be identified by red color 
block, the PCU by purple color, grid by green color and control mechanism by blue color. 
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The powergui block helps to provide system initial conditions and run the model with 
simple power system blocks. The subsystem blocks of the proposed model are 'Inputs', 
'Feedback', 'Fuel Cell equations', 'Con of simulink blocks to power blocks' & 
'Measurements'. The proposed model will be explained in the following four sections 
named as PAFC system, PCU, grid and control mechanism. 
A. PAFC System   
     The first block of the PAFC system is 'Inputs' subsystem block. It contains all of the 
inputs of the model. This subsystem block consists of constants and in-port blocks. 
 
Figure. 5. 'Inputs' subsystem block 
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     Figure 5 shows the inputs of the model. All values used in simulation are listed in table 
1. 
TABLE 1 INPUT PARAMETER VALUES OF THE PROPOSED MODEL 
Parameter Name Parameter Value 
Temperature, T 451 K 
Gas Constant, R 8.31441 J mol
-1
 K
-1 
Faraday Constant, F 96484.56 C mol
-1 
Partial pressure of hydrogen, 
pH2 
4 atm 
Partial pressure of oxygen, pO2 3.5 atm 
Partial pressure of vapor, pH2O 1 atm 
Electron transfer coefficient, α 0.5 
Exchange current density, i0 10
2
 A m
-2 
Cell area, A 0.1950 m
2 
Number of electrons 
participating in the reaction, n 
2 
Limiting current density, iL 3590 A m
-2 
     
      The second subsystem block is 'Fuel Cell equations' subsystem block. It contains all 
fuel cell equations of the mathematical modeling section. This block simulates from 
equation (1) to equation (8). All of the equations are used for each fuel cell of the 376 
cells of the PAFC system.  
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Figure. 6. 'Fuel Cell equations' subsystem 
     Figure 6 shows the 'Fuel Cell equations' subsystem block. The outputs (current, 
voltage & power of three stacks) of this subsystem block can be observed through the 
display blocks of figure 4. The system outputs can be investigated through one single 
window i.e. the 'Stack' scope block of figure 4. The output 'V_3stacks' of figure 6 is 
connected to the 'Connection of simulink blocks to power blocks' subsystem block of 
figure 4. 
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Figure. 7.  Connection of simulink blocks to power blocks' subsystem block 
     Basically the 'Connection of simulink blocks to power blocks' subsystem block is the 
connection between two sections i.e. red colored 'PAFC System' and purple colored 
'Power Conditioning Unit'. This subsystem block also connects simulink blocks with 
power system blocks.  From figure 7, it can be seen that the simulink signal (V_3stacks, 
stack voltage for three stacks) is input into 'simpowersystem' block i.e. controlled voltage 
source block. The rectifier diode after the controlled voltage source block makes the 
current to flow in one direction. Moreover, the current measurement and voltage 
measurement blocks can be observed. They measure the current and voltage. The mean 
blocks calculate the mean value of current and voltage. The saturation block keeps the 
signal in the range from 500 A to 700 A. This range helps to remove fluctuation from 
grid. Then the dc power is calculated by multiplying the output of the saturation block 
with the mean voltage. A gain block is used to convert the watt (power) value into 
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kilowatt (kW) value. In this way, the outputs of the subsystem block are dc outputs 
current, voltage and power and diode current.  
     From figure 4, the dc current, voltage and power can be observed through display and 
scope block. A series RC branch is connected with the diode current. Then the diode 
current is connected to the power conditioning unit which is another section (purple 
colored). This RC branch is a DC filter representing a large capacitor and its internal 
resistance. The value of resistance is taken small to keep the power loss small through this 
path.     
     One current feedback can be observed in the red colored 'PAFC System' of figure 4. 
This is basically the dc current from 'Connection of simulink blocks to power blocks' 
subsystem block to the 'Feedback' subsystem block.  
 
Figure. 8.  'Feedback' subsystem block 
     From figure 8, it can be seen that the feedback current (I) is converted into current 
density (i) through a gain block. Then it is sent as an input to the model. The memory 
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block stores the initial condition i.e. specifies minimum current density observed in the 
results.  
B. Power Conditioning Unit (PCU)  
     The purple colored power conditioning unit of figure 4 mainly contains an inverter, 
three LCL filters and a measurement subsystem block. The positive port of the inverter is 
connected to the dc signal and the negative port is grounded. It converts the dc signal into 
ac signal. The inverter is Insulated Gate Bipolar Transistor (IGBT) type. It has three 
bridge arms (A, B & C) which contain three phase current. Each of these phases (A, B & 
C) is connected to an LCL filter. These filters are used to reduce harmonics going to the 
grid. This is an important requirement of the grid. Each filter contains two inductors and a 
capacitor. The shape of each filter is similar to 'T'. The value of left arm inductance of 
each filter is same but different from the right arm inductance. Similarly the values of 
right arm inductance and capacitance are same for each filter. One port of all capacitors is 
connected to a common point. This common point is connected to the same node which 
can be observed with the grid in figure 4. The right arm inductances are connected to the 
'Measurements' subsystem block. 
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Figure. 9. 'Measurements' subsystem block 
     Figure 9 shows the 'Measurements' subsystem block. In this subsystem, the three input 
arms are connected to the three phase V-I measurement (phase-to-phase type) block. The 
Vabc and Iabc port are demuxed into three outputs. Then each phase voltage and each phase 
current for the three phase setup can be observed. One phase voltage and one phase 
current are connected to RMS blocks to calculate the root mean square (rms) values of 
voltage and current. This rms voltage and rms current are the ac voltage and ac current, 
respectively in figure 4. Moreover, the Vabc and Iabc of figure 9 are also entered into the '3 
phase instantaneous active and reactive power' block. The output of this block is demuxed 
from where active and reactive power can be obtained. The active power is connected to 
an RMS block to calculate the rms power and then to a gain block to calculate the power 
in kilowatt (kW). The output of the 'RMS P' block is also sent to the blue colored 'Control 
Mechanism' section. Additionally, the Vabc and Iabc are also connected to a scope block in 
figure 4 to observe the instantaneous voltages and instantaneous currents. Thus the 
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outputs of this PCU section are I ac, Vac & P ac. These values can be measured through 
display blocks and curves can be observed through the 'ac' scope block. 
C. Grid 
     The green colored 'Grid' section contains a three phase sink and a neutral block. The 
three phase sink represents the grid in figure 4 and 'node 10' neutral indicates the same 
neutral of PCU section. This type of neutral is a floating type neutral without drawing the 
connection line between two points. The three phase sink i.e. grid window looks like 
below. 
 
From this window, it can be seen that the phase to phase rms voltage is considered as 480 
V (240+240) and the frequency as 60 Hz. Since the grid block is connected to a neutral 
block, internal connection is chosen as Yn. Moreover, an ideal grid has no resistance and 
inductance. So the resistance and inductance values are considered as very small. 
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D. Control Mechanism 
     The control mechanism basically consists of a PWM generator, a PID controller, a 
constant and a sum block. The PWM generator gives an input (g) to the inverter which is 
a pure ac source. This PWM generator block looks like below. 
 
This window shows that the generator mode is chosen as 3-arm bridge (6 pulses). 
Because this is a grid connected model. The carrier frequency is considered as 1080 Hz 
and phase of output voltage as 5 degree. The frequency of output voltage is chosen as 60 
Hz, since the frequency of ac current was 60 Hz. The modulation index is controlled by a 
PID controller. The main window of PID controller looks as below. 
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     Only a small proportional value is taken here. The PID advanced window looks as 
below.  
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The upper and lower limits basically indicate the range of the modulation index. The 
modulation index can vary within this range. The other two windows of this PID 
controller are kept as such. The input to this PID controller block is an error signal. From 
figure 4, it can be seen that this error signal is the difference between the reference signal 
and the power signal from PCU section. The reference signal is indicated by a constant 
block. The value in the constant block is taken as 440000 which is in watt. This is 
basically 440 kW which is expected to obtain as output. This reference is compared with 
the actual output (Pac1) of the model. 
ІV. SIMULATION RESULTS AND DISCUSSIONS 
     The proposed model is run for 2 seconds in Matlab/Simulink R2010a to observe the 
results. Our main objective is fulfilled in this proposed model. The ac output is around 
440 kW and it is fixed during the simulation. There is almost no fluctuation. And so, it is 
safe to inject this power into the grid. Another main objective is to reduce losses at each 
stage. Measurements are done at three stages of the proposed model to meet this 
objective. Firstly, the measurement is done after the fuel stacks, secondly after the 
connection of power block i.e. diode (dc measurement) and thirdly after converting the dc 
power into ac (ac measurement). The display blocks show that the fuel stacks can produce 
443.8 kW power and the dc power is also 443.8 kW. So there is no power loss between 
these two stages. Finally the ac power is measured as 440.1 kW. Here a few kW power 
loss is observed. This loss occurs due to inverter and filters which is reasonable. The 
output of 'stack' scope i.e. wave shapes of current, voltage and power after the fuel stacks 
look like below. 
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Figure. 10. Stack current, voltage and power as a function of time 
     Figure 10 shows the steady state condition of current, voltage and power. There is no 
transient condition for stack parameters.  
 
Figure. 11. DC current, voltage, and power as a function of time 
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     Figure 11 shows the output of 'dc' scope. No transient condition can be observed for dc 
current but initial transients can be observed for dc voltage and dc power. After that they 
reach a steady value. 
          Figure 12 shows the output of 'ac' scope. The initial transients and after that steady 
state values can be observed for ac parameters. This simulation is run for 0.3 seconds to 
observe the dynamics more clearly. From the above figure, the dynamics of ac power can 
be observed from t=0.05 seconds to t=0.15 seconds.     
 
Figure. 12. AC current, voltage, and power values 
     Figure 13 shows the three phase voltages and currents. It can be seen that both 
voltages and currents are balanced. Since no fluctuation is observed, they are safe to 
inject into the grid. 
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Figure. 13. Three phase voltages and currents 
V. CONCLUSION 
     This paper represents a steady state and dynamic model of a 440 kW power plant 
operated by a PAFC type fuel cell system with grid connection. Moreover, a simple 
control mechanism is used to control the PWM inverter. Model details and simulation 
results are discussed in the paper. The proposed model has a simple control mechanism, 
grid connection and negligible losses and it is simulated in Simulink. Simulation on a 
Sony i5 based laptop takes few minutes to simulate the system for 2 seconds. 
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CHAPTER 7 
Conclusions, Contributions and Future Works 
7.1 Conclusions 
The summary of this research is explained briefly as below: 
The main objective of this research was to develop a fuel cell based power system for 
MUN engineering building. To analyze MUN engineering building, literature review was 
done based on energy consumption of Canadian buildings specially commercial 
buildings. Moreover, to develop the fuel cell based power system, literatures were also 
reviewed based on fuel cell system. Besides, models of the MUN engineering building 
were developed in BEopt (Building Energy Optimization) and HOT-2000 software. 
Those BEopt and HOT models were validated by provided data by the Facilities 
Management Department. Those models showed the actual energy consumption. After 
that, an improved model of the building was developed in BEopt software with a list of 
recommendations which showed less energy consumption than the actual model. It also 
suggested a list of recommendations to explain how to reduce the energy consumption. 
Moreover, a 440 kW natural gas fuel cell based power system was proposed for the 
improved model. That 440 kW natural gas fuel cell based power system was developed in 
Matlab/Simulink software with its Power System Blockset (PSB). The development of 
the power system was done step by step through three manuscripts. Firstly, three models 
of a PAFC system were developed in Matlab/Simulink software. Since, one of them 
model had many controllable parameters, it was chosen as the best model. Then the best 
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chosen model was extended with the power electronics part in Matlab/Simulink software 
with its Power System Blockset (PSB). The dynamics of that model were studied. 
Basically, the dc power of the fuel cell system was converted into ac power to observe 
different dynamics at different stages of that dynamic model. Then the model was 
extended to connect with the grid. The model was also simulated in Matlab/Simulink 
software with its Power System Blockset (PSB). Actually, the ac power of the model was 
filtered and entered into the grid with negligible losses. Moreover, a simple closed-loop 
control mechanism was developed to handle this 440 kW grid connected power system. 
Finally, the main objective of this thesis was fulfilled by the development of natural gas 
fuel cell based power system for MUN engineering building. 
The main conclusions of this research are: 
a) Improved building model: An improved MUN Engineering building model was 
presented in the third chapter which showed less energy consumption. So that model can 
be a role model for Canadian commercial buildings. That model shows that with the 
suggested improvements energy consumption in the engineering building can be 
significantly reduced. 
b) Dynamic modelling of a fuel cell system: This study showed simple and easy 
simulation in each manuscript. Every model from chapter four to five had detailed 
simulations results which have been published. These models had no serious complexity. 
Since those models showed simulation results that match with the manufacture 
specification, researchers can be benefit from those models.   
135 
 
c) Fuel cell control mechanism: The chapter six showed an effective control mechanism 
for a natural gas fuel cell system. Proposed closed-loop control mechanism can help the 
future researchers how to implement control on a 440 kW power plant operated by fuel 
cell.  
d) Negligible losses: The grid connected model of chapter six showed negligible losses in 
every stage. The proposed model could be used for loss calculations. 
7.2 Contributions 
Some major contributions of this research to the field of fuel cells and building energy 
analysis are:    
a) Building energy analysis: This study does an energy analysis of a commercial 
building. This commercial building is the engineering building of MUN. In the third 
chapter, this building energy analysis is done. The engineering building is modeled in 
BEopt and HOT-2000 software. These models show actual energy consumption of the 
building. Then an improved model is developed in BEopt software which shows less 
energy consumption. So this study is very useful for energy analysis of commercial 
buildings in Canada and how buildings could be improved. 
b) Dynamic model of 440 kW power plant operated by natural gas: This study 
develops a dynamic model of 440 kW power plant operated by natural gas based fuel cell 
in Matlab/Simulink software and its Power System Blockset (PSB). This model shows a 
simple closed-loop control mechanism. The usefulness of natural gas based fuel cell is 
already highlighted. So the reliability of such power plant can be understood. The 
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usefulness of this power plant is explained in this thesis. This power system can meet the 
electrical and heating demand of MUN engineering building providing a reliable and 
sustainable option. Moreover, the proposed system have some extra energy for small 
future building extension.      
7.3 Future Works 
a) Since it was not possible to validate these models experimentally,  experimental set up 
can be developed in future. An experimental data can explain the reliability of these 
models more clearly.  
b) Energy analysis of other commercial buildings can be done to study how a 440 kW 
power system can supply energy for those buildings.  
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Appendix 
a) Simulation results in HOT-2000 software for zone 1 of MUN engineering building 
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b) Datasheet of the fuel cell used for building 440 kW power system 
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c) Provided data by MUN Facilities Management Department 
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